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d o ck e ts , S a t e l l i t e s  and o th e r  s p a c c -c ra f t  moving a t  superson ic  
aiid hjADcrsoiiic speeds th rough  th e  atm osphere p re se n t a fo rm idab le  problem 
of h igh  tem pera tu re  h ea t t r a n s f e r  from th e  boundary layer»  The boundary 
la y e r  tem pera tu re  becomes very  h igh  and a t  a  f l i g h t  speed of Mach number 
10 or more, i t  i s  of tho o rd er of 4000% or higher» Tho forw ard t i p ,  
noso or le a d in g  edges of tho  moving body ex perience  maximum b o a tin g  and 
e f f o r t s  a re  being made f i r s t  to  reduce aerodim araically  tho  amount of 
h e a tin g  by s u i ta b le  d es ig n  and second to  e f f e c t  co o lin g  by s u i ta b le  means.
In  tho  p re s e n t  work, e f f o r t s  have been made to  f in d  by how much
th e  h e a t c o n d u c tiv ity  of tho m a te r ia l  can help  to  reduce th e  tem p era tu re
a t  the  lo ad in g  edge of th e  body su b je c te d  to  tho aerodynamic heating* 
T h e o re tic a l  a n a ly s is  o f th e  h ea t b a lan ce  equations in d ic a te s  t h a t  th e  h ea t 
c o n d u c tiv ity  of m a te r ia l  can p la y  an ,im p o rtan t ro le  in  t r a n s f e r r in g  th e  
h e a t  from tho noso re g io n  to  th e  downstream p a r t  o f th e  body. The e f f e c ts  
o f  the  d i f f e r e n t  geom etry of the  conducting  sk in  on th e  nose tem p era tu re  
have a lso  been d isc u sse d  b r ie f ly »
A s h o r t  review  o f the  works of many in v e s t ig a to r s  in d ic a te s  t l ia t  
th e  aerodynamic h e a tin g  i s  a fu n c tio n  of Reynolds number, llaoh number,
P ra d tl  nurabcr, r a t i o  of s p e c if ic  h ea ts  of a i r  and the r a t i o  of the  su rface  
tem peratu re  of th e  body to  the  am bient tem p era tu re . Hence du rin g  le v e l  
f l i g h t  a t  a c o n s ta n t speed, tho lam inar boundary la y e r  aerodynaraic h e a tin g  
a t  any p o in t  on the  body would be in v e r s e ly  p ro p o r tio n a l  to  th e  square ro o t
of i t s  d is ta n c e  from tho  nose» /J ith  t h i s  as a gu id ing  f a c to r ,  a  r e f l e c t o r
was designed to  p ro v id e  a p a t t e r n  of h e a t d i s t r ib u t io n  on a p lan e  s im ila r  
to  t h a t  of aerodynamic h e a tin g , I t  was thought th a t  the  use of a r e f l e c to r
11
w ith  a s in g le  h e a tin g  elem ent as a h ea t so u rce , would give th e  most 
conven ien t method of p ro v id in g  the  re q u ire d  p a t te rn  of h ea t d is tr ib u tio n »  
N ecessary b a s ic  d i f f e r e n t i a l  equations fo r  the d esig n  of a r e f l e c t o r  were 
d e riv ed . An a n a ly t ic a l  t e s t  method was a ls o  developed to  f in d  th e  a c tu a l  
h e a t d i s t r ib u t io n  given by a r e f l e c to r  u sin g  a h e a tin g  elem ent of f i n i t e  
s is e ,
VJork Was c a r r ie d  on to  f in d  a s u ita b le  h e a tin g  elem ent to  p rov ide  
maximum hoat energy in  a h igh  vacuum w ith  th e  minimum s iz e  to  s u i t  th e  
r e f l e c to r .  M a te ria ls  l ik e  tu n g sten , pure n ic k e l ,  g ra p h ite  and lam pblack 
wore te s te d  in  h igh  vacuo.
In  o rder to  o b ta in  h igh accuracy  in  the r e f l e c to r  p r o f i l e ,  a 
s u i ta b le  method of c o n s tru c t io n  was developed. S ince none of th e  
co n v en tio n a l h ea t r a d ia t io n  m easuring in stru m en ts  was s u i ta b le  f o r  m easuring 
h e a t f lu x  oc x"^ , a s u i ta b le  rad io m ete r was dosigned and c o n s tru c te d  f o r
th i s  purpose. A w ater calorim eter was designed  and c o n s tru c te d  to  c a l ib r a te
the  rad io m e te r. O ther n ecessa ry  equipments such as vacuum ohaimbor, model 
sup%)ort t r a y ,  e tc .  were a ls o  designed and made.
S ince only a l im ite d  amount o f r a d ia n t  h ea t was a v a i la b le  from the  
h e a tin g  olcm ent, h igh  therm al c o n d u c tiv ity  m a te r ia ls  could  no t be used fo r  
tho conducting  sk in  m odels. Models of S ta y b r ito  s ta in le s s  s te e l  
(k  = 3*90 f t . lb / f t / s e c /^ iC )  and M requentito  (k  = 0 ,6 5  f t . l b / f t / s e c / p g )  wore 
made and te s te d  under d i f f e r e n t  r a te s  of h e a tin g  in  a liigh vacuum cf tho 
o rder of 10“ ^ t o r r .  T est r e s u l t s  were p lo t te d ,  and compared w ith  tho 
th e o r e t ic a l  p re d ic t io n s  of Nonwoiler and th e  r a d ia t io n  e q u ilib riu m  tem p era tu re , 
and th e  co n c lu s io n s  wore drawn from them.
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Rockets, S a tc lX ltca  and o th e r  sp a c c -o ra f t moving a t  auporsonie 
and hyporaonlo spoeds through tho atmosphère pro se n t a  form idable problem 
of high tem pérature hoat t r a n s f e r  from tho  boundary la y e r .  Tho boundary 
la y e r  tom peraturo becomca very  high and a t  a  f l i g h t  speed of Mach number 
10 o r more, i t  la  of tho o rder of 4000% or M ghor. Th© forward t i p ,  
noso o r  lo ad in g  edges o f th#  moving body exporlonc# maximum h ea tin g  and 
e f f o r t s  a re  be ing  mad® f i r s t  to  reduce aerodynam loally tho  amount o f 
h ea tin g  by B u ltab l#  d esig n  and second to  e f f e c t  coo lin g  by sua,tab le  means.
In  th® p re se n t work, e f f o r t s  h a w  bean made to  f in d  by how much
th e  h e a t c o n d u c tiv ity  o f tho  m a te r ia l can help  to  reduce th e  tem perature
at. th e  le a d in g  edge o f tho  body su b jec ted  to  th# aerodynamic h e a tin g . 
T h e o re tic a l a n a ly s is  o f  tho  h e a t ba lance  equations In d ic a te s  th a t  th® h e a t 
c o n d u c tiv ity  o f m a te r ia l can  p lay  an im portant ro le  i n  t r a n s fe r r in g  tho  
h e a t  from tho nose reg io n  to  th e  downstream p a r t  o f th e  body. Tho e f f e c ts  
o f tho d i f f e r e n t  geometry o f the  conducting sk in  on the  nos# tem perature  
have a lso  boon d iscu ssed  fe rio fly .
â  s h o r t  review  o f the  works of many in v e s tig a to r s  in d ic a te s  th a t  
■ th© aerodynamic h ea tin g  i s  a  fu n c tio n  of Reynolds number, Maoh number,
P ra d t l  number, r a t i o  of s p e c if ic  h ea ts  of a i r  and the  r a t i o  of the su rface  
tem perature of tho body to  tho am bient tem pera tu re . Ronce during  le v e l  
f l i g h t  a t  a  c o n s ta n t speed, tho lam inar boundary la y e r  aerodynamic h e a tin g  
a t  any p o in t on the  body would bo in v e rse ly  p ro p o rtio n a l to  tho square ro o t
o f i t s  d is ta n c e  from th e  noa®. With th is  as a gu id ing  f a c to r ,  a  r e f le c to r
was designed to  p rov ide  a  p a t te rn  of h e a t d i s t r ib u t io n  on a  p lane  s im ila r  
to  t h a t  of aerodynamic h e a tin g . I t  was thought th a t  the  use of a  r o f le c to r
Avn
w ith  a aingXo h ea tin g  elomont as a  hoat sourco, would give th e  most 
convonient method of p rov id ing  tlis req u ired  p a tte rn  of h e a t d is tr ib u tio n #  
N ecessary basic  d i f f e r e n t i a l  equations fo r  üie design  of a  r e f le c to r  woro 
do rived . An a n a ly t ic a l  t e s t  method was a ls o  developed to  f in d  the  a c tu a l 
h e a t d is t r ib u t io n  given by a  ro f lo o to r  using a h ea tin g  elem ent of f i n i t e  
sise#
Work was c a r r ie d  on to  f in d  a  su ita b le  h ea tin g  elem ent to  provide 
maximum h e a t energy in  a  high vacuum w ith the  minimum s ia o  to  s u i t  tho 
r e f le c to r ,  M ateria ls  l ik e  tu n g sten , pure n ic k e l, g rap h ite  and lampblack 
wore toBtod in  high vacuo#
In  o rder to  o b ta in  hig^i accuraoy in  tiio r e f l e c to r  p r o f i le ,  a  
su ita b le  method of c o n s tru c tio n  was developed# Since non© of the  
conventional h ea t r a d ia t io n  measuring instruaion ts was s u i ta b le  fo r  measuring 
h e a t f lu x  oc xT^, a  s u i ta b le  radiom eter was designed and constructod  f o r  
th is  purpose. A w ator calorîmoter was designed and co n stru c ted  to  c a l ib r a te  
tho r a d im e to r .  O ther necessary  equipments such as vacuum chamber, malol 
support t r a y , etc* were a ls o  designed mû  made.
S ince only a  l im ite d  amount o f ra d ia n t h e a t was a v a ila b le  frois the 
boating  clem ent, higii therm al c o n d u c tiv ity  m a te r ia ls  could  n o t bo used fo r  
the conducting sk in  models* Models of â ta y b r i to  s ta in le s s  s to o l  
(k  -  3.90  f t . l b / f t / s e e / 8R) and F roquontito  (k  0.63  f t . l b / f t / s o o / % )  wore 
made and te s te d  under d i f f e r e n t  r a te s  of heating  in  a  high vacuum <£ th e  
o rder of 10 t o r r .  Tost r e s u l t s  were p lo tte d , and comp^^rod w ith  tlio 
th o o re t ic a l  p ro d ic tio n s  o f Nonwoilor and th e  ra d ia t io n  oqu ilib rlum  tompora,tur@, 
and tho  conclusions were drawn from thorn.
OHAH'ER 1 
HSPisasowie ?
1 ,1  la to o d u c tio a
R e ta rd a tio n  o f a  high apood f lu id  stream  flow ing over a  body, 
generates a  boundary layer#  T his prooaas o f r e ta rd a t io n  a lso  b rings ' 
about a  conversion  o f Mgh k in e tic  energy o f the  fra e -s tre a m  in to  therm al 
energy in  the  boundary la y e r  wliioh i s  fu i 'th e r  increased  by f r i c t io n a l  
h ea tin g  a t  the  su rfa ce  o f the  body# As long as th e  speed of tho f lu id  
stream  o r the  f l l g l i t  speed o f  the  body i s  n o t high enough to  generate  h ea t 
to  cause such a  h igh  tem perature In  the  boundary la y e r  as to  produce any 
chem ical o r e le c tro n ic  re a c tio n , the  h e a t t r a n s fe r  a t  th e  body su rface  
from th e  boundary la y e r  to  th e  body i s  governed p u re ly  by therm al 
conduction# Under th is  c o n d itio n , tho r a te  o f aerodynamic h ea tin g  i s  
estim ated  by a sse ss in g  the  en tha lpy#grad ien t a t  th e  surface#  E f fo r ts  
have a ls o  been made by many in v e s tig a to rs  to  a sse ss  the  h e a t t r a n s fe r  to  
the  body by co n sid erin g  th e  tem perature g rad ien t a t  th e  su rfa c e , w ith  
some m odifioations* These approaches a re  v a lid  fo r  boundary la y e r  
tem peratures below 3000^K# .
Above a  tem perature o f 3000^K, chem ical re a c tio n  s e ts  in  and 
a t  s t i l l  liigher tem peratures e le c tro n ic  re a c tio n  begins and th o ro fo rc , 
change o f phase o f the  gas occurs# In  such oases , th© h e a t o f re a c tio n  
has a lso  to  be taken  in to  account to  a sse ss  the  r a te  o f h e a t t r a n s fe r  to  
the  body*
During th e  l a s t  ten  to  f i f t e e n  y e a rs , many in v e s tig a to rs  have 
suggested d i f f e r e n t  th e o rie s  to  a sse ss  the  r a te  of aerodynamic h ea tin g , 
b u t o%3l y  a  few of them w il l  be d iscussed  b r ie f ly  in  th e  fo llow ing  sections*
B a s ic a lly  two so lu tio n s  o f tiilB problem a re  e s s e n t ia ls -  one f o r  the 
undleooolated  a i r ,  and th© o th e r  f o r  th e  d ia so e ia te d  a i r  which i s  th e  s t a te  
o f the  boundary la y e r  a i r ,  i f  th e  f l i g h t  Mach number ia  ve ry  high#
From th e  g enera l p o in t o f view of having lam inar flow and sm all 
drag# a  sM rp  lead in g  edge I s  d esirab le#  At h igh  eupersonio speeds,
however, th e  a tta c h e d  shook wave a t  th e  lead ing  edge causes a  high r a te  o f
h e a t t r a n s f e r  and th e  m aintenance of a  sharp  lead in g  edge becomes an in t r i c a t e
problem. In  o rd er to  avoid t h i s ,  and a lso  to  allow  fo r  in te r n a l  h ea t
conduotlon, a l l  bodies a t  auch high  speeds must be b lu n t nosed o r rad iused
to  some mctent*
A d i s t i n c t  la y e r  I s  most l ik e ly  to  e x is t ,  independent o f the 
detached bow-shock imvc o f  a  rad lu sed  lead ing  edge, i f  th e  boundary la y e r  
tb ldîm eés i s  much l e s s  tlmii th e  shook-del^ckneiat d istance#  Sine© iiie
boundary la y e r  th ick n ess  v a r ie s  in v e rse ly  as th e  square ro o t o f  th e  Reynolds 
number, and th e  detaohm m t d is ta n c e  i s  independent o f Reynolds number, th e re  
i s  a  minimum Reynolds number, below tdilch th e  bow shock wave and boundary 
la y e r  merge* I t  i s  no t l ik e ly  t h a t  such a  Im  Reynolds number im uld be 
a tta iiio d  a t  h igh  superson ic  o r  hyperaonio f l i g h t  be fo re  freanno leou le  flow 
s t a r t s
3*
The radiüQQci aoso o r would have a  la rg e  f a l l in g
presBuro g rad ien t and a lso  th e re  would be a  la rg e  h ea t t r a n e fe r  to  the  
su rface  a t  hypersonic speeds* These two fa c to rs  a re  expected to
Sc o n tr ib u te  toward m ain tain ing  a  lam inar boundary la y e r  in  th a t  reg io n  • 
T ra n s itio n  to  th e  tu rb u le n t la y e r  somewhere doimstream i s  expected, b u t 
n o t enough work e i th e r  a n a ly t ic a l  o r experim ental has been done to  f in d  
the  p o in t o f t r a n s i t io n  and th e  r e la t iv e  im portance o f f a c to r s  in flu en c in g  
the  t r a n s i t io n .
In  g en era l, p re ssu re  g rad ie n ts  in  th e  boundary la y e r  both  
p a r a l l e l  and n o m al to  th e  su rface  of th e  iiypersonio body a re  expected to  
be n e g lig ib le , and th e  tem perature g rad ien t along th e  su rfa ce  would be 
n e g lig ib le  compared to  th a t  a c ro ss  th e  boundary la y e r ,  except near the  
nose o r the  load ing  edge.
The h igh  tem perature bouridary la y e r  near th e  lead in g  edge makes 
i t s  a n a ly s is  very  d i f f ic u l t*  V a ria tio n s  o f the  gas p ro p e r t ie s  such as 
v is c o s i ty ,  sp e c if ic  b o a t, therm al co n d u c tiv ity  and so on a re  so much th a t  
they  can no lo n g er be t r e a te d  a s  c o n stan t in  the  so lu tio n  o f the  boundary 
la y e r  equations of c o n tin u ity , momentum and energy.
The flow f i e l d  near th e  lead in g  edge o f th e  body f ly in g  a t  
hypersonic speed has th re e  d i s t in c t  regions* The s tro n g  bow shook wave, 
th e  in v is o id  flow  reg ion  and th e  entropy layer# In te ra c t io n s  between 
th ese  reg ions in flu en ce  g re a tly  th e  amount of h ea t t r a n s fe r  to  th e  body*
The tem perature behind the  shock wav© may or may no t be high enough, 
depending on th e  f l i g h t  c o n d itio n s , to  causa th e  d is s o c ia t io n  and io n is a tio n  
o f  th e  a i r  molecules* I f  these  phenomena a re  ab sen t, the  problem i s  
com paratively  l e s s  d i f f i c u l t  and th e  a n a ly s is  to  a sse ss  the  h e a t» tra n s fe r
has to  tak e  in to  account on ly  th e  v a r ia tio n s  o f gas p ro p e r t ie s  w ith 
3 /tem perature '  *
At tem peratures above 300Q^K, d is so c ia t io n  of oxygon molecu3.es
would s t a r t  and above th a t  o f nltrogon* D isso c ia tio n  being an
endothermie re a c t io n , th e  tem perature behind the  shook wave would tend  to
drop as the  flow proceeds fu rth e r#  Ghemlcal equ ilib rium  would be
m aintained i f  th e  recom bination r a te s  o f atoms a re  f a s t  enough a t  the  lo c a l
10tem perature and p re ssu re  » But i t  i s  u n lik e ly  t i ia t  complete therm o,
chem ical eq u ilib rium  would be m aintained* The atoms having h igher k in e tic
energy than  the  m olecules would move f a s t e r  and some of them, a t  l e a s t .
Would d if fu se  ac ro ss  th e  stream-^'lines to  the  su rface  o f th e  body,\i where
recom bination may r e s t i l t ,  depending on the  su rface  conditions*  This
co n d itio n  of f l w  known as *frosen boundary layer* does n o t a t t a i n  thermo*
chem ical equilibrium *
Besides tlie h igher tem pérature req u ired  fo r  the  d is s o c ia t io n  of
n itro g en  m olecules than  th a t  fo r  oxygen m oleculesj th e  foraier needs g re a te r
d is s o c ia t io n  energy a ls o , which i s  223100 o a l  p e r mole# compared to  XI7960
of the  la tte r^ ^ *  Moreover the  d is so c ia t io n  of n itro g e n  molecule i s  very
slow and ap p rec iab le  d is s o c ia tio n  occurs only a t  sm all d e n s i t ie s ;  and
hence d is s o c ia t io n  o f  oxygen m olecules w i l l  predominate over t im t o f n itro g en
18in  f l i g h t  a t  hypersonic speeds* In  f a c t  Wood found tlm t a  e ig rd f ic a n t  
d is s o c ia t io n  o f n itro g en  m olecules would n o t occur in  f l i g h t  a t  any a l t i tu d e  
a t  Much nm bere  l e s s  than  14*
The r a te s  o f heat-* transfer under these two co n d itio n s would be 
much d i f f é r a n t ,  i f  atoms recombine anywhere in  the  boundary la y e r  o r  a t  the
3.
i osu rface  * Hm-jover, i f  th e  w a ll I s  non*ea% 3ytie to  reoom binatloa, 
causing accum ulation of atoms of gas, th e  r a te  o f h e a t t r a n s f e r  to  th e  
body would be mimh reduced* IK forte  have been made to  s tudy  tlie 
c a ta ly c i ty  o f  d i f f e r e n t  m a te r ia ls  to  tW  recom bination of gas atoms*
The degree o f c a t a l l o i t y  would depend on the  n a tu re  o f e u rfa ce , lo c a l
tem peraturoj lo c a l  p ressu re  and th e  m tu re  of apooies* Varying degrees 
of recom bination would give d i f f e r e n t  r a te s  of h ea t tra n s fe r*
The fro zen  boundary la y e r  îiaa much more in f lu e m e  on th e  down 
stream  flow f i e l d  than  the equ ilib rium  boundary layer*  The la rg e  amount 
of energy looked up w ith  the  froaen  degree o f freedom i s  l ik e ly  to  change 
th e  f lo w -f i e ld  doimstream su b s ta n tia lly *
1* 3 Aerodmamio Hea t  t r a n s f e r
In  o rder to  a sse ss  th e  magnitude of problem involved  in  f in d in g  
th e  amount o f aerodynamlo h e a t t r a n s f e r ,  works of many in v e s tig a to rs  cam
be quoted , re fe ren ce  of some of which a re  given in  the  b ib lio g rap h y  •
They liave consldorod two v e ry  d i s t i n c t  a spec ts  of t h i s  problems*
(a ) Aerodynamic h e a t t r a n s f e r  involv ing  no chem ical or e le c tro n ic  
re a c t io n s , such a s ,  d is s o c ia tio n , recom bindation, Io n isa tio n  
e tc * , and
(b) aerodynamic h e a t t r a n s fe r  in  d is so c ia te d  a i r  flow*
The f re e  stream  s ta g n a tio n  tem perature in  a  boundary la y e r  can 
be expressed as
To « T «, (1 + id  ) ;
This equation  shows t h a t  toœperatUï»© in  a  boundary la y e r  i s  a 
fu n c tio n  of square of f re e  a i r  stream  v e lo c ity  and hence i t  r i s e s  very
6 *
ra p id ly  w ith  .m oreasing speed to  very  high values* This renders the  
problem o f study  of bom dary la y e r  o h a ra c ta r is t io s  to  f in d  tii© aero* 
dynomio h ea t t r a n s f e r  a t  hypersonic speeds d i f f i c u l t  In  two ways*
P ix 's tly , th e  changes in  th e  p h y sica l p ro p e r tie s  o f boundary la y e r  a i r  
a re  so much th a t  th ey  can no lo n g er be tr e a te d  as c o n s tan ts  in  th e  
so lu tio n  of boundary la y e r  equations o f conserva tion  o f m ass, momentum 
and ènergy* Secondly, the amomt o f h ea t t r a n s fe r  from th e  boundary 
la y e r  to  th e  body becomes v e ry  la rg e ,  causing over-heating  of th e  body*
This i s  becaime th e  aerodynamic h ea ting  i s  p ro p o rtio n a l to  the  d iffe re n c e  
o f w all tem perature Tw and th e  a d ia b a tic  w all tem perature Taw wiiich i s  
r e la te d  to  the  s ta g n a tio n  tem pérature through a  recovery  f a c to r  1#©*
q -  h (TaW » Tw)
where
Tav; ^  Toe (1  i- M^) , , ,  ( 1 *3*1 )
The value  of recovery  f a c to r  r ^ ,  i s  a ffe c te d  by th e  Much number,
Reynolds numbor and th e  P ra n d tl number* Though the whole process of
cm iprossion # ro u g h  the  sliocit wave up to  the s ta g n a tio n  p o in t  i s  a d ia b a tic ,
b u t non-rovoraibXe due to  c e r ta in  lo s se s  and hence th e  stag n an t alz* a t  the
su rface  o f th e  body never reaches th e  value o f f re e -s tre a m  s ta g n a tio n
tem perature* The c o e f f ic ie n t  o f h ea t t r a n s fe r  h^ a lso  i s  no t constant*
Thus i t  Can be seen tim t any a ttem pt to  seek a  s o lu tio n  of th e  problem of
a sse ss in g  the  magnitude o f aerodynamic h e a t t r a n s fe r  encounter’s considerab le
cdm plloatlons of îzavlng to  t r e a t  th e  p h y sic a l p ro p e r t ie s  o f  a i r ,  a s  w e ll as
the  recovery  fa c to r  and th e  film  c o e f f ic ie n t  o f h e a t t r a n s fe r  a s  v a riab les*
T his i s  the  reason  why th e re  i s  no s t r a ig h t  forward sim ple ©:q>rosslosi 
a v a ila b le  t 8' @gklculate e x ac tly  the  amount o f aerodynamic h e a t t r a n s fe r  a t
%d i f f e r e n t  speeds o f f l ig h t*
The problem, however, liae been tao lded  by d i f f e r e n t  workers 
by making c e r ta in  assum ptions to  ren d er th e  v a r ia b le s  behave as con stan ts
under c e r ta in  sp é c if ie  oond ltio n s o f f l ig h t*  For example, based on the
r e s u l ts  o f Von Kamaii and Toieif ^  and D rainerd and Emmons ISckort and 
11
Weiee ‘ concluded th a t  f o r  a  l im ite d  v a r ia tio n  o f f r a n d t l  number from 
0*72 to  1*2,  Mach number 0 to  10 and tem perature exponent o f v is c o s i ty  
and therm al c o n d u c tiv ity  o f 0*3 to  1*23 the  recovery  f a c to r  r^  in  a 
lam inar flow can be rep re se n te d  ap p ro x lm to ly  by
r^  -  (P r)^
6This has a ls o  been supported by Kaye ■ f o r  % ch number le s s
than  8 * Xn d is so c ia te d  a i r  a t  very  high Mach numbers f o r  h igh ly  cooled
su rfaces o f a  hypersonic body, Kemp, Rose and D e tra ^  found th a t  (Pr)^
rep resen ted  s a t i s f a c to r i ly  the  recovery  fac to r*
S im ila r approxim ation has a lso  been made about the  f ilm
oooff R elen t o f h e a t t r a n s f e r ,  h* For example, a f t e r  comparing the
a n a ly t ic a l  r e s u l t s  o f d i f f e r e n t  in v e s tig a to r s ,  in c lu d in g  th a t  o f Orocoo-
o
Gonforto and Ton Karman and T sien , Jolmson and Eubeain^'' concluded th a t  
b ea t t r a n s fe r  to  a  f l a t  p la te  i n  a  lam inar flow can be given as
whore.
Mux (E ex M  ) (Eex)^ ( F r ) ^ ^  (1*3*2)
Mux
The su b s c r ip t  % r e f e r s  to  a  c h a r a c te r is t ic  le n g th  x measured
along th e  le n g th  o f  th e  p la te  from th e  lead ing  edge as  w e ll as to  th e  
lo c a l  va lues o f a l l  q u a n ti t ie s  rep resen ted  in  the  equation# The te rn  
(Rex)^) i s  im portan t and ie  amenable to  f u r th e r  s im p lif ic a tio n #
'8*
I t  i s  found to  depend upon Maoh nm ber, w all tomperaturo and v isoosity
o
teaperaturo exponent n# However, Johnson and Eubasln found th a t
effeotB of those parameters could be eliminated i f  a l l  properties were
1evaluated a t  a f lu id  temperature T defined by
. . . 1 .  = 1 + 0,032 îê  * 0*58 ( ^  1)
Toe
'i*fp A AO
, «  0,332 (r®7-îw) (K P j , ^ t  ^  . . . ( 1 . 3 , 3 0
imder this, condition, quantity  (Eex)^') in  equation (1*3*2) takes
almost a oowbant value of 0*664* Equation (1*3*2), therefore becomes,
Hus = 0,332 (Rœ)'^
or
q
A turbulent flow i s  more oomplloated than a laminar f lm ,  yet 
some attempt ims been made to  find  a  su itab le  re la tio n  to assess the 
aerodynamio heat tram fer*  For instance, Üolburn established a simple 
(^pression to  find  # e  lo ca l heat tran sfe r co e ffic ien t without f r ic tio n a l
heating* However, h ia  exprosBion,
Mœj a 0,0296 (Kes)®*  ^ . , . ( 1 ,3 ,4 )
Pwas found by Orooco and others to be valid  a lso  fo r  the f r lc tlm m l heating "• 
Apart from these sim plified  expressions fo r  the aerodynamic heat 
tran sfe r , some d ire c t solutions of the problem obtained by solving numerically 
the boundary layer equations of conservation of mass, momentum and energy are 
a lso  availab le . Of course, these eolutlons also involve one or another 
assumptions regarding the v a ria tio n  of physical p roperties , pressure distri-^ 
bubiori etc*, and thereby re s tr ic tin g  th e ir  use to  specific  conditions of 
For oxartplo, Monwoilor assumed tlia t v a ria tio n  of specific heats 
of diatomic gas a t  high temporature follows the Fowler and Guggenheim
9*
(S ta tis tica l Thermodynamlos) formula, given by
;= i
# o p L  ?
and treated the body ae Isothermal with m  pressure gradient# He obtained 
the expresalon for heat transfer as,
4 ^  = 0.43 ( - ^ 4 *  u /  i d a l f  ). I 1,3.5)
■ , ' ' 8^1 ^  J
In th is expression, a mean frandtl number equal to 0*782 was used# Mow i t  
i s  w ell laioi-m that the average value of Prandtl number of air at high 
tompora’t e e  is  about 0*71# I f  th is  value of frandtX number i s  used, then 
equation (1#3*3) reduces to
« 0.486 ( #  F  Ü i  i Ô â i l  ) (1 .3 ,6 )
I a  j
Theories predicting the aerodynamic heat transfer at speeds causing 
dissociation of a ir  molectiloo in  the boundary layer, have also  been advanced 
recently by some authors, such as, hees^ and Fay and îildd©13?*^ # Since
dissociation of a ir  moleoiîloa iâ  an endothermie ..reaction^ i t  tends to reduce 
the temperature. of the boundary layer a ir  and qonsoqumtly # e  amount of heat 
transfer should reduce# Hoimvei*, since the flow encounters lower temperature 
and lowor pressuro as i t  moves doimstream, dissociated air molecules tend to 
recombine# The recombination is  an exothermic- reaction and hence the 
amount of heat transfer increases wl#i the degree of recombination#
Dissociation and recombimtlOn further complicate the problem of
sheat transfer* Hence in order to simplify the problem, Dees as im:U. as 
10Fay and Riddell had to make a number of assumptions about Prandtl number, 
Lewis number, variation of v iscosity  etc* Though tlio va lid ity  of their 
assumptions have m  experimental verification , prediction of heat transfer
10#
by th e ir  theories have bom found to be qu ite  compatible within reasonable 
lim ite  m th  the experimental re su lts  of Kemp, Rose and Detm and Rose ' 
mid
<i Ci
SliieOj these theories of Lses^  and Fay and Riddell seem to be 
reasonab ly  aoouratoXy predicting the aorodynamic heat t r a n s f e r  In 
dissociated a ir , i t  would be quite justified  here to  examine, what differmoe 
these chemioal reactions actually (Wco to tlm amount of heat transfer# For 
oxaraplo, i f  the stagnation point heat transfer is  considered. Fay md Riddell 
found that effect of dissociation a t  the stagnation point is  to increase the 
heat transfer by a factor of
' { '1  ** 1 )  ^ f o r  the  equilibrium flow*
and
1 t  ** l )  ( I fo r  the froaen flow.
Those fa c to r s  show t h a t ,  the chem ical reactions have just a  very 
moderate e f f e c t  on th e  r a te s  o f h e a t transfer, because the Lewis number of 
air i s  close to  unity* I f  th e  upper l im i t  o f  Lewis nmber Le -  1 .4  is  
taken , those f a c to r s  g ive Increases of 21 and 25 per cent fespeo%ively*
■ On the other hand i f  the surface i s  m n-catalytic to  atom 
recombination, dissocia tion  of a i r  molecules would reduce the heat transfer 
qu ite considerably, depending upon the degree of dissociation*
In order to  bring out more c lea rly  the problem of aerodynamic 
heating and subsequent r is e  of temperature of a  body, some n m eriea l example 
w ill be qu ite  helpfu l a t  t il ls  stage# All these theories m d  simplified  
expressions including others not discussed here, which predict aerodynamic 
hea t transfer d if fe r  to  a c e rta in  extent among themselves, and there has 
not been enough exporimental work to ascerta in  most exclusively the most
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14'*
aoeum te  ono# the i n te r e s t  o;t the  pros ont work o f f in d in g  the
o rder o f magnitude o f aerodynamic heating  oaa e a s i ly  be served by any one 
o f them*
lam inar h ea t t r a n s f e r  dato- to  a  f l a t  body fig *  ( 1*3*1 ) have been 
o a lo n la ted  by using  equation  (1*3*6) and S tandard  Atmosphere 1962",
A f l i g h t  a t  a  h e ig h t o f 100*000 ft*  has been assiiued* hocal h ea t t r a n s fe r  
to  a  p o in t a s  clos© m  1/ 4B f t ,  from the lo ad ing  edge has been ineliMecI,
In  o rd er to  f in d  o u t the temperature of the body* the usual 
procedure o f  equating  the aeroiynamlo h ea t in p u t to  th e  r a d ia tio n  coo ling  
hae been adopted* An emieeity of 0*3 was assumed for the f l a t  plate#
The results a re  p lo tte d  in  f ig u re s  (1*3*2) and (1*3*3)*
From equation  (1*3*1) i t  i s  ev iden t th a t th e  boundary la y e r  a ir 
a t  th e  s ta g n a tio n  p o in t w i l l  a t t a i n  a  tem pem ture of ab ou t 3000% a t  a  
f l i g h t  Maoh number o f  0 a t  a  h e ig lit o f 100|000 f t*  Since th e  d is so c ia tio n  
of oxygen molecule© s t a r t s  a t  t h i s  tem perature^ p re d ic tio n  o f aerodynamic 
h ea tin g  above Moo =; 8 must Include  the e f f e c ts  of d is s o c ia t io n  and 
subsequent recom blm tlon* But as th e  d a ta  on tlio degree o f d is so c ia t io n  
and recom bination m e  no t avallab lo^  ' t h e i r  e f f e c ts  have n o t been included  
In  the graph o f  f ig u re  ( 1*3*1 )*
1*4
A ll these  theories p re d ic t  th a t  in  a  sustained f l i g h t  a t  any
1height a t  any Mach mmber, th e  aerodynamic h eatin g  l a  proportional to
in  a laminar flow* This, in tur% implies that heating a t  the leading 
edge or nose la infinite# However^  th is  can be proved to be physic ally  
ksipossiblQ due to varlom reasons* F irstly , the originating boundary 
layer near the nose is  tM.n duo to rarefaction and hmce the inhomogeneoua
13.
a i r  Dtoleonlee l a  tIm t reg io n  a re  oapable o f  t r m e f e r r ln g  on ly  a  f i n i t e  
amount o f  h e a t energy to  the  su rfa ce '' .  ' SeoondXy, in te ra a t lo a e  hatween 
the  nose shook wave and the  boundary la y e r  and even th e  minute preaenoe
of s l i p  v e lo a i t j  and tem pom turo jump a t  th e  s u r f  one In  th e  nose reg io n , 
would tend to  reduce th e  amount o f  aorodynamle hoa t t r a n e f e r ^ .  l a e t l y ,
f o r  the  roaeoiis o u tlin e d  In  se c tio n  1*2^ the  lo ad in g  edge o f  a l l  hyporsonio;,, 
bodies Imp to  be rad im o d  to  a  e a r  t a in  e x te n t, This w iH  load  to  a  fu r th e r
pp
réd u c tio n  of aorodymmlo h ea tin g  a t  th e  lead in g  edge. In  fao t> , lonw oiler “
found th a t  f o r  a  round nose, th e  boa ting  booomes in v e ra o ly  p ro p o rtio n a l to
th e  square ro o t  of th e  nose radlUB.
There a re  o th e r  oone idera tions as w ell which ad v erse ly  a f f e c t - th e
v a l id i ty  o f these  th e o r ie s  to  bo ap p lied  to  th e  nose. For mmmple, the
assum ption o f  an iso therm al body w ith  no prop sure  g ra d ie n t in  t!xo boundary
la y e r  in  a l l  th e se  th e o r ie s  :1s approxim ately c o r re c t  i n  th e  down strom a
reg ion  of th e  body, b u t n o t In  th e  m m  reg io n , where bo th  the p ressu re  and
tsm pera tw e g rad ie n ts  a re  expected to  be q u ite  considerabXo* ■ The in flu en ce
o f p ressu re  g ra d ie n t on th e  h ea t t r a n s f e r  c o e f f ic ie n t  i s  found to  be sm all,
and i s  n e g lig ib le ,  i f  th e  f l i ^ t  Kacii number i© h ig h , b u t th e  in flu en ce  o f
température g rad ie n t i s  n o t small* In  certain cases w ith  tem perature
13g rad ie n t considered  # e  in c re a se  in  th e  value o f h e a t t r a n s fe r  i s  
s u f f ic ie n t  to  u p se t the  b a s is  o f iso therm al su rfa ce  h e a t t r a n s f e r .
Thus i t  can be seen th a t  th e o r ie s  p re d ic tin g  aerodynamic h ea t 
t r a n s fe r  break  down a t  th e  nose duo to  i t s  s in g u la r  behaviour, and hence 
a  p ré c isé  c a lc u la t io n  o f amount o f aeredynm lo hea tin g  a t  the  nose con no t 
be made a t  t h i s  s ta g e . However, the  f a c t  th a t  nose s u f fe r s  th e  maximum 
h ea tin g  I s  beyond d isp u te  and u n le s s , in  th e  absence o f  any coo ling
36*
arrangem ent, th e  oom dm tiv lty  o f m a te r ia l of th e  body p lay s  an im portant 
ro le  in  tran sfo rrlm g  th e  t e a t  from th e  lead in g  ©dgo to  th e  dowa stream  
reg io n , r a d ia t io n  equ ilib rium  tem pérature ( f i g  1*3*2) In  th e  nose reg ion  
reao teà  th e  vjorlcing l im i t  o f th e  p re se n t day m a te r ia l  oonslderab ly  a t  a  
low Maoh number o f  f l ig h t*
At t h i s  s tag e , i t  xb ovidomt th a t  the u su a l assum ption of se ro  
h e a t oond ito tiv lty  (o r  n e g lig ib le  h e a t o o n d u e tiv ity ) g ives r i s e  to  two 
se rio u s  problème of îiypersoalo flow s#*
(a) The body under euoh assumption a t t a in s  co nsiderab ly  » 
high tem perature in  th e  nose reg io n , whereas i t
CL
rem ains q u i te  a t  ^  low tem perature overy iftere  away 
from th e  nose; and
(b) in  th e  nose reg ions th e  body m ain tains a  v e ry  s teep
tem perature g ra d ie n t (f ig #  1*3*3) and y e t ,  acoord3.ng 
to  th e  u su a l assum ption, i t  i s  n o t oonduoting any 
reokonabXe amount o f h e a t away from th e  nose* This 
appears to  be very  luuoh unnatu ra l and honoe i t  i s  
q u ite  im portant to  in v e s tig a te
( i )  th e  ro le  o f t e a t  o o n d u c tiv ity  o f m a te r ia l  In
tr a n s fe r r in g  aerodymmio h e a t from tlie  nose 
reg ion  to  th e  down s t r e a a  o f the  body*
(11) th e  BUbaequent nose tem perature , and
( i l l )  th e  a c tu a l  tem perature d is t r ib u t io n  in  th e  body*
The in te r e s t s  o f th e  p resen t wox‘k , th e re fo re  would be eonoentrated  
to  th e  study  o f th e  noeo reg io n  mainly* For rea so n s , o u tlin e d  in  se c tio n  
1*2, th e  nose reg ion  i s  expeoted to  m ain tain  the lam inar flow and te m e
le M m r  aerodynamic h ea tin g  would be aesiîmed in  th e  fu r th e r  a m ly s la  o f 
#%G tem perature d is tr ib u tio a #
18,
CHAPTER I I
OK-Bim«SIOMX. THEORY OF HEAT OOHDHOTIOB 
IN A BODY UMBR ABRODÏHAMIO HBATMO
iM> 1*# ^ # 1 m iw* i w m iw# # # ' # ii # iW# .k# i .# u11 m,
2»1 In tro d u c tio n
The study  of th e  o f fe e t  o f  h ea t conduetlon along th e  sk in  of a
body Bub^eoted to aerodynamic h ea tin g  has n o t a t t r a c te d  much a t te n t io n .
This i s  m ainly because a t  subsonic and supersonic speeds o f . f l ig h t  th e
problem o f o v e r-h ea tin g  of th e  nose does not a r i s e  and hence th e  a i i ^ r a f t
desig n ers  d id  n o t bo ther to  look  to  th is  problem. But th i s  i s  becoming
more im portant w ith the  hypersonic f l i g h t  o f more re c e n t o r ig in .
P iH om m iler" ,  f i r s t  tim e, in  1932, envisaged t l ia t  c o n d u c tiv ity
o f m a te r ia l  i s  very  im portan t In  p rov id ing  an e f f e c t iv e  means of coo ling
19the  lead in g  edge. A fte r making s<me a n a ly s is  , he found th a t  the  
mmcimum tem perature a t ta in e d  by th e  lead ing  edge i s  given by,
To -  1*13 ( \ l / l 3
f -4 ^
■ oo
L ater on, a f t e r  making more p rec ise  approach he found th a t  
fo r  a uniform th ic lm ess conducting oldLn, lead in g  edge tem perature can bo 
rep reson ted  by
. 1/13
e< kt
Using equation  (2 ,1 ,1 )  and the  heating  d a ta  o f  # e  example 
considered  in  se c tio n  1 ,3  and assuming a  conducting sk in  o f th ick n ess 0 ,1  f t ,  
and c o n d u c tiv ity  10 f t ,lb /f t /8 e o /% R  the  maximum lead ing  edge tem perature 
comes to  about 1600% a t  Moo 10, even fo r  a  most severe  aerodynamic h ea tin g
To s  1,306 (  ^ j , , , ( 2 * 1 ,1 )
£  £< 
19.
rate due to  m oh a  l o ;  a l t i tu d e  of f l i g h t  as 100,000 f t ,  f o r  hypersonio 
f l ig h t*  The a d ia b a tic  w a ll tem perature o f the  a i r  a t  th i s  c o n d itio n  o f 
f l i g h t  i s  about ?00D%* Thus, one can see that provided equation  (2*1*1) 
holds good, th e  lead in g  edge temperature of th e  hypersonic body i s  much 
lower compared to  the  a d ia b a tic  w all tem perature o f  th e  a ir*  Under the 
same c o n d itio n  o f f l i g h t ,  a  p o in t a t  a  d is tan c e  o f  1/48 ft*  from the lead ing  
edge of a  non*«eonducting hypersonic body was shown in  figure 1*3*3 to  reach  
a  tem perature of 1830% and hence th e  le a d in g  edge tem perature o f th a t  body 
would be C e rta in ly  much higher# '
From the num erical example considered  in  t h i s  s e c tio n , i t  appears 
th a t  though h ea t co n d u c tiv ity  o f the  sk in  reduces the  le a d in g  edge tem perature 
y e t i t  i s  so high th a t  i t  does n o t have much p rac tic a l, importance* But, i t  
should be remembered t l ia t  an a l t i tu d e  o f 100,000 f t#  fo r  a  ^lypersonic f l i g h t  
a t  Moû “ 10 i s  too low from th e  p o in t of view of aerodynamic heating# In 
f a c t ,  i f  th e  a l t i tu d e  of f l i g h t  ip  increased  to  200,000 f t#  the  aerodynaiBio 
h ea ting  would be reduced to  3 /9 th  and consequently  th e  lea d in g  edge tem perature 
would come down to  about 800% wMch w i l l  be q u ite  w ell w ith in  th e  temperature 
l im i t  of many a lloys#
In  th e  fo llow ing  se c tio n s  o f th is  ch ap te r, d e ta i l s  o f ^onw eller* s 
a n a ly t ic a l  r e e u l ts  o f th e  lead in g  edge tem perature and tem perature 
d is t r ib u t io n s  in  a  conducting sk in  w il l  be considered . Different geometry 
o f the  conducting sk in  and th e i r  e f f e c ts  on th e  lead in g  edge tem perature w i l l  
a lso  be d isouseod.
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2 .2  B aa ic  E q m tiqn8__of
Mven though, no hypersonio body should have a  sixarp lead in g  edge, 
y e t i t  lias to  he tapered  down to  a  sm all th ick n ess  n ear th e  lead in g  edge;
The conducting sk in  in  th a t  reg io n , th e re fo re , would be th in  compared to  
i t s  conducting len g th . Under th is  c o n d itio n , toraporature a c ro ss  the  
th ic la iess  o f th e  sk in  can be taken  as uniform, and hence th e  h e a t can bo 
assumed to  be conducting  only  in  a lo n g itu d in a l d i r e c t io n ,  provided tlm t 
span o f th e  hypei^sonic body i s  b ig  enough so as n o t to  in te r f e r e  w ith  the 
h e a t conduction in  th a t  d ire c tio n ;
The aerodynamic h ea tin g  would be id e n t ic a l  on e i th e r  sui'face of 
a, body, sym m etrical to  th e  lo n g itu d in a l a x is ;  Though, as d iscussed  in  
Ghaptoi* I  s t r i c t l y  n e i th e r  the  body in  hypersonic flow romains iso th era ia l 
nor p ressu re  r m a in s  c o n s ta n t on th e  su rface j nor any o f th e  p liyaical 
p ro p e r t ie s  o f a i r  rem ains c o n s ta n t, y e t  fo r  a l l  p r a c t ic a l  purposes o f f in d in g  
th e  aerodynamic h e a tin g , v a r ia t io n  in  the  tem perature o f the  body, p ressu re  
and the phjnsical p ro p e r t ie s  of a i r  a long the  le n g th  o f the  body can be 
assuniod to  bo n e g lig ib le ;  Under th is  c o n d itio n , lo c a l  aorodynamic heading 
(equations 1*3;3 o r 1 ;3 ;6 )  in  a su s ta in ed  f l i g h t  a t  any a l t i tu d o  can be 
given as
™ *.*(2*2*la)
where Q i s  a  C onstant;
I f  the  s o la r  h e a t r a d ia t io n  i s  n eg lec ted , a  s teady  s t a t e  h ea t 
balance equation  o f a  body in  hypersonic flow , can be w r i t te n  down as
^  [_( 4 X.- ^ * ; ;(2 .2 ;1 )
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Where th e  term on the l e f t  a ide o f  th e  aquation , rep ré se n ta  th e  h ea t 
conducted away along th e  sk in , and the f i r s t  term on th e  r ig h t  i s  the  hea t 
ra d ia te d  away from the  su rface  o f the  body,
po
Monweiler " has considered  d i f f e r e n t  a sp ec ts  of th is  equation  in  
d e ta i l  and so lved  i t  f o r  d i f f e r e n t  geometry of the conducting skin* Very 
b r ie f ly ,  some a sp ec ts  o f h is  so lu tio n  w i l l  be d escribed  h e re .
In o rd er to  underatand th e  e f fe c ts  of v a r ia t io n  o f one q u a n tity  
in  e q m tio n  (2*2,1) over the  o th e r , i t  would be p re fe ra b le  to  render them 
non-dim enstonal •
To do t h i s ,  Hom /eiler defined  basic  im its  o f le n g th  i  and ab so lu te  
temperature c as
g = ( . _ A  ) 2/5
* ** * \ æ*æ*/5/
0 -  (
Using the  a s te r isk e d  sig n s to  denote th e  q u a n t i t ie s ,  measured in  
these  b a s ic  u n i ts ,  th e  conduction equation  (2 ,2 ,1 )  becomes
dT ^  ,
^  ^ “  - ^ 4  ) = ( Ï  -«■ . . .  (2*2.3)
The c ro s s  se c tio n a l a re a  o f th e  conducting material between th e  
plane % -  c o n s tan t and x  =: o may be given a s ,
A ( X ) — I t  ( X ) dx « • ,  ( 2 , 2*4 )
■(O
I f  x^ , T denote the  refe ren ce  values o f le n g th  and tem perature 
and t^  and th e  re fe ren ce  values o f th ickness and a re a  in  case  o f the  
geo m etrica lly  s im ila r  shapes, then  using Greek symbols, q u a n ti t ie s  can be 




provided th a t  th e  re fe ren ce  q u a n ti t ie s  obey the r e la t io n s
* %r *  ( x / )  -3  = ï /  ( x / ) - ^  = ( ? / ) *  = ( x / ) “ ^‘ . . . ( 2 .2 .6 )
Using equation  (2#2#3)g equations (2#2#3) and (2*2,4) can be
deduced to
■ ^ { X  j “  ( p ^  3  ^ **# ( 2, 2#7a)
^  j- — ^  ,  "V^ (o) — o ,## (2*2#7b)
Equation (2 ,2#7a) i s  th e  non-dim ensional form o f # e  h e a t balance 
equation* On in te g ra t io n , equation  (2*2*7a) g ives th e  non-dim ensional 
th lc la iess m
r ( 5 ) = { 4 -  . . . ( 2 . 2 . 8 )
The r e la t io n s  given in  equation  ( 2*2 ,6 ) i s  f u r th e r  extended to  
r e la te  one re fe ren c e  q u a n tity  w ith  o th ers  a s  fo llow s &*#
= ( x /  ) = ( t y  )-5 /l3  = (^A) *5/21  ^ (^^4 ) 5
( x / )  = ( A p - 8 / 5  .  (t^A ) 8/13 .  ( a/ ) 3/21  = ( î / )
■ ( t / )  = ( ^3/5 = ( 13/8 ,  1 3 /a   ^ (,^4) -13
= ( A p  " 2 ^ 5  = ( x^* ) 2 ^ 8  ^  ( t y  ) = (T ,*  )
( ï / )  = ( A y)^^  = ( )” ®' = ( t / )  = (A^* )
. . .(2 .2 .9 )
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whore A , “  s- fiJisnoss r a t i o ,
&
Equation (2*2*9) g ives a wide range of so lu tio n s  and shows 
p re q is e ly  how v a r ia t io n  of one q u a n tity  e f f e c ts  the  otliers* Fox* example, 
the  tem perature o f  a  uniform liiiokiaoes sk in  i s  a f fe c te d  by the tw e n ty - f ir s t  
ro o t of th e  a re a , th i r te e n th  ro o t o f tiie th ick n ess  and e ig h th  ro o t  o f le n g th . 
Thus one can see th a t  v a r ia t io n  of conducting sk in  lengMx, e f f e c ts  the 
tm p e ra tu ra  much more tlian t l ia t  o f  area*
A ll th e  re fe ren c e  q u a n t i t ie s  in  equation  (2*2,9) a re  measured in  
terms o f the  b a s ic  u n i ts  of len g th  £ and tem perature c ,  which in  tin?n 
depend on values o f k and Q, With the f l i g h t  co n d itio n s  Imown, £ , k ,  
and Q w i l l  be known and bo wiJJ. be £ and o . Then any so lu tio n  o f equation  
(2 ,2*5) can be ap p lied  to  give one of th e  re fe ren ce  q u a n tity  and then  w ith  
the  help  of equation  ( 2, 2 , 9 ) o th e r q u a n ti t ie s  can be found out#
2 ,3  Temnoratura D is t r ib l t lo n  In  a  Gonduotiaa Skin o f Uniform ThicknesB.
When th e  conducting sk in  has uniform th iek n o ss , i , o ,  r  -  1 , th e  
non-dim ensional h e a t balance eqisatlon ( 2# 2# 7a) reduces to
= 4 ^  - f i  . . .(2 .3 .1 % )
d j  2 ^
and equation  ( 2, 2 . ?b) to
^  - 1  ,  l^ (o )  =: O , , * ( 2 ,3 , lb )
The boundary co n d itio n s a re
■^=2 o a t  J ^  o and 3 - / 3  * ,,(2 ,3 * 2 )
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Equation (2* 3 .1a) i s  a  n o n -lin o a r second o rd er d i f f e r e n t i a l
equation  f o r  which th e re  i s  m  known a n a ly tic a l  so lu tio n . Using th e
oo
boundary c o n d itio n s  equation  ( 2*3*2 ) Wonweiler" solved equation  ( 2*3* la ) 
num erically  by assuming various values of cp ^ a t  3 o and proceeding 
in  th e  a . r e c t io n  o f in c re a s in g  J  ^ u n t i l  ^  reversed  in  s ig n . A 
graph of some ty p ic a l  so lu tio n s  i s  reproduced in  f ig u re  ( 2 , 3. 1 ) from h is  
work"". In  f ig u re  (2 ,3*2) (p ^ i s  shown as a  fim otlon  o f  / t  from vîhieh 
i t  i s  ev id en t t l ia t  f o r  A  ^ reaches th e  asym ptotic va lue
of 1 , 3(6 $ a f ig u re  which i t  approaches w ith a  reasonab le  accuracy f o r  a l l  
p r a c t ic a l  purposes fo r  va lues o f A  )^2, In  f ig u re  (2*3*3) reproduced
op
frcmi Monweiler* a work $ the  c ro a s -s e o tio n a l a rea  A o f tlie conducting 
sk in  has been p lo tte d  a g a in s t th e  nose tem perature To fo r  various se le c te d  
values of f in e n e ss  r a t i o  and f o r  f ix e d  values of the  th ic k n ess .
In  o rder to  fin d  a  r e la t io n  between the minimum nose tem perature 
/To and the c ro s s -s e c tio n a l  a re a  A$ f i r s t $ an expression  fo r  th e  non- 
dim ensional a re a  V  can be derived  as fo llo w ss- 
Using equations (2*2,5) and (2 ,2 ,9 )  $
V  = - |  a  ( | a )  { =  / 3 (  . . . ( 2. 3. 3)
To cp ■ ^  V 21  / f  ) 1/21
c O '  A 'o r
l / p \
Nose tem perature; To w ill  be minimm when (p ^ i s
minimum* Nonweiler^^ found th a t  fo r  -  0, 65$ ^  q '  1/21 minimum 
and equal to  1, 308,  hence$
,2
^  a 1.303 ( j  ) , . , ( 2 .3 .4 )
gives the minimum nose tem perature corresponding to  a conducting sk in  Area A,
R a d i a t i o n  R q u i l i b r i u m  T e m p e r a tu r e
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Some t y p ic a l  tem perature d is t r ib u t io n s  o v er  sh ap es Of
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An u se fu l r e la t io n  between the  len g th  of th e  ooaduoting sk in  I», 
and nose tem perature  To oati a ls o  be obtained as
' '  -  ( f )  < ? ) ’  - ( ^ 3 . 5 )
Using equations (2*3*3)9 equation  (2.3*5)? i s  fui*ther deduoed to
t  ~ ^
 ^ o r  L = « (2*3*6 )
Sinoe cp  ^ booomes asym ptotic to  a  value o f 1*306 f o r  3^2 (v ide 
f ig u re  2.3*2)? a  r e la t io n  fo r  mlnlmmi nose tem perature independent o f 0rops«
a e e tio a a l  a re a  A? but s t i l l  invo lv ing  the  conducting sk in  thiolm ose t  can be
derived  as fo llo w a î-
Using equation  2 .2 .9
(p  o  =  1 . 3 G& == (  I  )  ™  )
1 i  » 1/13
( C<r k t
wMeh I s  v a lid  fo r  A y?2*
Under th is  c o n d itio n , equation  (2 .3 .6 )  reduces to
^ min “  ^ ^ . * . ( 2 . 3. 8 )
To = 1.206    ^ .*,(2.3.7)
Td
where i s  th e  minimum le n g th  o f th e  conducting skinH cqulred to  g ive a  
minimum nose tem perature To given by equation  (2.3*7)* Any decrease  in  the  
len g th  given by equation  (2 .3 .8 )  w i l l  r a is e  the  nose tem perature bu t len g th  
g re a te r  than  w i l l  Imve no app reciab le  e f f e c t  on th e  nose tem perature .
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In  o rder to  got a  p ic tu re  o f  num erical magnitudes o f nose 
tem pera tu re , conducting sk in  len g th  and a re a , involved in  a  iîypersonic 
f l i g h t ,  a num erioal 05£ampl© o f a  f l ig h t  a t  an a l t i tu d e  o f 200,000 f t .  can 
be considered , An average co n d u c tiv ity  o f 10 f t . lb . / f t . /S e c /Q K  can be 
taken  a s  re p re se n ta tiv e  o f th e  o o n d u c tlv ltie s  of many a lloys#  In  gen era l, 
th e  m etals and t h e i r  a llo y s  do n o t îmvo high  ra d ia n t  h e a t c m is s iv ity , b u t a  
va lue  of 0 .9  can bo W cm  on th e  assum ption th a t  load ing  edges a re  coated 
b lack  w ith  some s u i ta b le  p a in t .  Using equation  ( 1 .3 .6 ) ,  the  value  o f Q 
a t  Moo -  10 comes to  873 f t* lb . / f t .^ ^ ^ /S e c .  T his g ives a  minimum nose 
tem perature  To ss 938% , i f  a  conducting ak in  of th ick n ess  0*1 f t .  i s  
assumed* From equation  (2 .3 .8 ) ,  a  minimum len g th  of 2 .5  inch  o f th e  
conducting sk in  i s  ob ta ined , th u s, y ie ld in g  a  conducting sk in  o ro ss -a e e tio n a l 
a re a  of 3*00 aq.inoh* in  a l l .
I f ,  horwevor, th e  o m iasiv ity  i s  reduced to  0*45 i .o #  h a lf  o f what 
has been taken  in  th e  em np le  above, the nose tem perature becomes 1100%, 
an in c re a se  o f about 17/S on ly . The e f f e c t  o f th e  therm al cb n d u o tiv ity  
on the  nose teraperatm^o i s  even sm a lle r . For in s ta n c e , i f  the  therm al 
G onduotivity  of th e  conducting sk in  i s  reduced to  h a lf  i . e . 5 f t . lb / f t . /s e o /9 jK , 
the  nose tem perature in c re ases  to  989% , on in c re ase  of about 5*4 p e r cen t 
only*
The q u a n tity  which maximuîîi in flu en ces th e  nose tem perature i s  the  
aerodynamic h ea tin g  i t s e l f ,  which w i l l  depend bo th  on th e  speed as w ell as 
o th e r co n d itio n s  o f f l i g h t ,  suoh as a l t i tu d e  e tc .  I f  th e  speed o f f l i g h t  
i s  iuo reased  by 50 p a r  c e n t a t  the same a l t i tu d e  i . e .  Mco -  15 in  the  
example under c o n s id e ra tio n , the  new value o f Q becomes 1968 f t . l b / f  t . See * 
This w i l l  r a i s e  th e  noso tm p e ra tu re  to  1204% , an  in c re a se  o f 28.3 p e r c e n t .
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2 .4  Disc m a l  on
One might argua th a t  in  tho beginning o f a  hypersonic f l i g h t ,  
th e  steady  s t a te  c o n d itio n  o f h e a t t r a n s fe r  w il l  n o t be reached to  allow  
tho equation  (2 .2*1) to  hold good, and th e re  w i l l  be a  tendency to  * shoot* 
up th e  nose tem perature very  qu ic ldy  due to  severe aerodynamic heating* 
T rue, b u t du ring  tiie t r a n s ie n t  s t a t e ,  though, th e re  w iH  be a  tendency to  
r a i s e  th e  nose tem perature to  a  high v a lu e , y e t  th e  va3.ue of t i l l s  t r a n s ie n t  
nose tem perature w ill  n o t go beyond th e  one fo r  th e  s tead y  s t a te ,  because, 
m  soon as  the  tem perature  g ra d ie n t b u ild s  up in  the  nose reg ion  the  sk in  
would s t a r t  conducting h ea t away from th e  nose reg io n  to  tho d o w n stre#  
p a r t  o f th e  hypersonic body*
Thore i s  ano ther very  re le v a n t q uestion  a s  to  how th e  geometry 
of th e  conducting sk in  would e f f e c t  the nose tem perature  o f a  hypersonic
oo
body* This q u estio n  can e a s i ly  bo examined in  th e  l i g h t  o f ^onw ellerSs"^ 
so lu tio n s  f o r  d i f f e r e n t  shapes of conducting sk in s . He considered  th ree  
more d i f f e r e n t  oases
(a) l in e a r  tem perature g rad ie n t in  a  conducting skin*
(b) tem perature  d i s t r ib u t io n  in  a  xjcdge«shaped nose, 
and
(o) optimum shape of a  conducting oîcin w ith  a mlnimm c ro s s -s e c tio n a l
a re a  fo r  a  s t ip u la te d  nose tem peratiu’©, and found th e  so lu tio n s  fo r
tiae minimum nose tem perature as
^  ^  1*292 ( 4 ^  ) * ..(2*4*1)
P
!Eü -  1*341 ( % ) V 2I  ***(2*4*2)
sift' «2
1.286 ( f  ) ^ " ^  . . . ( 2 . 4 . 3 )
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re s p e c tiv e ly . Oomparing equations (2 .4 .1 )  to  (2 .4 .3 )  m th  equation  
(2 * 3 .4 ), one f in d s  th a t  the  optimum shape gives th e  mlmlmm aose 
tem perature f o r  a  given a re a  of the  aoaduotiag akin* The uniform 
tliick aess  sk in  g ives about 1 .7 $  h igher nos© tem perature than  the  optimum 
shape. The h ig h es t nos© tem perature la  obtained in  wedge shaped nos© 
which i s  4*2$ h igher tlian th a t  o f optimum shape.
So sm all difforenc©  in  nose tem peratures p re d ic te d  by the 
d if f e r e n t  shapes o f the  conducting sk in  has g re a t im portance from the 
p o in t o f  view of design  of the  a i r c r a f t .  Because i t  le a v es  th e  a i r c r a f t  
d esig n er much scope to  manoeuvre f o r  design ing  th e  shape of the  lead in g  
edge to  s u i t  o th e r  requirem ents* Frcm th e  num erical ©sample considered 
in  s e c tio n  2* 3, i t  can a lso  bo seen tim t th e  req u ired  le n g th  and a re a  of 
the  conducting ak in  a re  so sm all th a t  they  c re a te  no d i f f i c u l t y  to  the 
d esig n er.
IJ C I  <%).
3 .1  In tro d u c tio n :-  A hypersonlo flow tunnel equipped to  provido a  
con tinuous, c o n s ta n t, hypersonic flow a t  d i f f e r e n t  Maeh numbers fo r  a  
s u f f ic ie n t  p e rio d  of tim e to  ostab3dsh a  s teady  s t a t e  of tem perature In  
a  hy%)Grsonic body placed in s id e  i t ,  would liave boon the  b e s t way to  study 
th e  r e s u l ta n t  tem perature d is tr ib u tio n *  This type o f apparatus no t being 
a v a ila b le  in  th e  departm ent, some means have to  be found to  sim ulate  tlio 
aerodynamic h ea tin g  according to  tho d is t r ib u t io n .  Among a  number
of p o s s i b i l i t i e s ,  ra d ia n t  h ea tin g  i s  by f a r  tho  sim plest* In  o rder to  
oXlminato convection , tho te s t in g  body i s  b e s t  to  b© p laced  in  an evacuated 
ehambor* T his loaves whether i t  w i l l  be b e t to r  f o r  the  h e a t source to  be 
o u ts id e  or in s id e  the  same chamber* In  e i th e r  c a se , the  w a lls  o f tho 
chamber must be k ep t coo l in  o rder to  reduce tho background ra d ia tio n .
3*2 H eating th e  Model.
Tho conducting sk in  model can no t be provided id .th  a  c o n ta c t h e a tin g , 
as i t  w i l l  n o t billow the  model to  omit i t s  own h ea t r a d ia t io n  v/hich c o n s t i tu te  a 
a  means of i t s  coo ling  (v ldo  th e  theo ry  in  se c tio n  2*2). The ra d ia n t  h e a tin g , 
howovor, o f fe rs  a  sim ple means to  h ea t the  model.
A sim ple way to  provide tho ra d ia n t  h ea t energy from the  h e a t source 
w i l l  be to  hold th e  model p a r a l le l  to  the  source, a  l i t t l e  a p a r t ,  so t h a t  i t  
roeoivGs m ostly  th e  normal h e a t r a d ia t io n . In  o rd er to  em it th e  r a d ia n t  h e a t 
energy s im ila r  to  th e  source should be ab le  to  genera te  th e  h e a t energy
in  the  same p a t te rn .  This can be done conveni^ontly by arrang ing  a  number
of e l e c t r i c a l  conductors, p a r a l l e l  to  each o tiie r, in  such a  way th a t  th o i r  
e le c t r i c a l  re s is ta n c e  fo llow s %_* The ends o f  th ese  conductors can be
33.
jo in ed  to  form a continuous e l r o u i t  so  t l ia t  tho same o u rra n t passes through
thorn# A p la in  r e f le c to r  arranged above tho conductors m i l  r e f l e c t  back
h e a t to  tho model p laced  below tho  oenduetors and th u s w i l l  tend  to  oven up
tho h e a t d is t r ib u te d  by the  d i r e c t  ra d ia tio n  from th e  conductors. Howovor
th is  w i l l  n o t produce a  very  even curve of heat d is t r ib u t io n ,  conforming to  
â j?  because tho  p o rtio n s  o f th e  model ly in g  between two consécu tive  conductors
w il l  n o t reço iv e  s u f f ic ie n t  b o a tin g .
in  o rder t o  avoid the  unovon-noss In  the  h e a t d i s t r ib u t io n  p a tte rn ,
a  s t i l l  b e t te r  method would bo to  use a  curved r e f le c to r  m th  a  s in g le  heating
element# A n a ly tica l design  s id e  o f th i s  type  of r e f lo c to r  id. 11 be d iscussed
in  d e ta i l  in  tho nmct chapter#
3 .3  Arrangement o f th e  Model and Heat Source#
The model has to  be kep t in s id e  a  vacuum chamber to  o lim inato  the  
intorforGncQ by convection . But th e  h ea t source w ith  r e f l e c to r  can be 
arranged o u tsid e  tho chwiiber, w ith  a  p ro v isio n  on i t s  top  su rfa ce  o f a  sealed  
window of some such m a te r ia l which allow s tho  maxiiaum transm iss ion  o f tho 
in f r a  red  r a d ia t io n  to  th e  modol. However, t h i s  arrangem ent w il l  iiavo two 
d i f f i c u l t i o s  to  ovorcome;-
i# E o fm o tiv ity  of th e  m a te r ia l of tho  window w i l l  cause a  change in
tho d ir e c t io n  of tho h e a t ra y s , and th i s  id . l l  e f f e c t  tiie boat 
d i s t r ib u t io n  p a t te rn  to  a  c e r ta in  ezctent, and, 
i i*  u n less  cooled by some su i ta b le  means, the  window pane w i l l  tond to
g e t heated  up, wJiich, in  tu rn , w il l  in te r f e r e  w ith  tho h ea t 
d i s t r ib u t io n .
The th in n e r  window p la te  w i l l  have h ig h er tran sm iss io n  o f h e a t rays 
than  the  tï%icker one, b u t f o r  s tro n g tîi to  s tand  tho  atm ospheric load  duo to
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tho chamber being evaouatod, a  o o rta in  th leknoss of the  p la te  depending on 
tho o v e ra ll  a lso  o f the  window, m i l  be neooasary# I f  the  r e f  lo o to r  w ith  
tho boat source i s  moimtod in s id o  the  chamber, th e re  w il l  be no d i f f ic u l t lo a  
a lthough , t h i s  req u ireo  a  b igger vacuum chambor and a  b ig g er s e t  o f vacuum 
pump to  evacuate i t*
3 .4  T W J W a l
3*4.1 S iso  o f  the  Model: -  The th eo ry  in  se c tio n  2 ,2  assumed th a t  th e re  
i s  no V a ria tio n  of tom poraturo a c ro ss  tho th ick n ess  of tho conducting akin*
T his nG oessarily  moans th a t  th e  conducting sk in  has to  bo th in#  In  o th e r 
viords, theo ry  w i l l  be v a lid  f o r  tho la rg e  finonosa r a t i o s ,  which im plioa ei 
la rg o  0i 8G o f the  model fo r  a given thlclm oss* But a  la rg e r  Bxm o f th e  
model would need a  la rg e r  vacuum chamber and a  la r g e r  s e t  o f vacuum pump, 
and henco h igher costs#  On tiw  o th e r  hand f o r  th e  convenience of f ix in g  
the  therm ocouples, a t  l e a s t  - |in sh  th ic k  sk in  would be p refe rab le*  Taking 
those  p o in ts  in to  c o n s id e ra tio n , i t  was decided to  use a  6 inch  long conducting 
sk in  model* By vary ing  tho  th ickness from 1 to  4" in ch , th i s  would g ive 
fin e n e ss  r a t i o s  of 6 to  48.
The theo ry  in  se c tio n  2 ,2  a lso  assumes t l ia t  span of the  conducting 
sk in  in  tra n sv e rse  d ir e c t io n  I s  la rg o  enough, so as n o t to  in te r f e r e  w ith  the 
one dim ensional h ea t conduction in  a lo n g itu d in a l d irec tio n *  In  o rder to  
achieve t h i s  o b je c tiv e , tho modol w ith  a t  l e a s t  12 inch  w idth w i l l  bo 
ro q u ired  f o r  a  6 inch  long conducting sk in  model, so t l i a t  along the  c e n tr a l  
s e c tio n , where tem perature d is t r ib u t io n  i s  to  he measured, any in te rfo ro n o c  
from tho  f re e  ends w i l l  be n e g lig ib ly  small#
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Tho eoM uoting skUi models havo to  be made from suoh m a te ria ls  
whleh can main'baln th o i r  shapes a t  Uio tem pérature of th o i r  a p p lic a tio n s  
o f about 800%  (v ide  s e c tio n  3#4#3) in  a high vaoum of about ICT^ t o r r  
(v id e  se c tio n  3 ,6 ) lâ th o u t  su ffe r in g  any deform ation. They should a lso  
have a  e u lta b le  low vapour proBSiiro, since  tho evapora tion  o f m a te ria l 
a t  the  tem perature of a p p lic a tio n  in  high vaouuia may a l t e r  the  su rface  
p ropo rtion  as w e ll ae incroaGO th e  chamber p ro asu re . I t  I s  e s s e n t ia l  
t h a t  th ey  have a u ita b lo  th o m a l c o n d u c tlv itio s  a p p ro p ria te  to  theo ry  
for a s t ip u la te d  rang© o f tem peratures in  tho  modela, su b je c t to tlio 
a v a ila b le  h o a t from th e  h ea tin g  oloment (v ide  se c tio n  3 ,4*3).
B oaidee, th e  m a te r ia l should bo is o tro p ic ,  A le a s  degasaing 
m a te r ia ls  w i l l  be p ro fo rab lo  from th e  p o in t of view o f vacuum,
3*4*^ , In t im a tio n  o f th e  Heat O onductiv itv  o f the  Model M a te ria l: -
The th eo ry  in se c tio n  2*3, p re d ic ts  u se fu l so lu tio n s  of th e  h ea t 
balanoo equation  (2 ,3 ,1 a )  in  th e  range o f 3 -  0 ,42 to  i  -  2*3? the  
corresponding va lues o f  cfe be ing  1 ,3  and 0,94 re s p e c tiv e ly . Since the 
s t ip u la te d  le n g th  of th e  conducting sk in  model i s  6 in ch es , its uniform 
th ic k n ess  can bo taken  anyth ing  between 1 and in ch , g iv ing  finonoss 
r a t io s  of 6 to 48. For the p re lim in ary  eo leo tlo n  of tho model m a te r ia ls , 
a  Value of 0 ,8  can bo taken  fo r  the  e m iss iv ity . In  th e  theory? ambient 
h ea tin g  has boon ignored on tho  assum ption th a t  i t  i s  n o g llg ib lo  compared 
to  the  aorodynamic heating a t  hyporaonio speeds. Hence, i f  the e f fe c ts  
o f onvironmont on th e  t o s t  i s  no t to  bo appreciab le?  tho  te s te  should aim 
a t  h igh tom peraturoa of th e  modol? which a lso  im p lies iiigh r a te s  of heating# 
But the  h ig h er i s  th e  model tem perature? the  sm alle r w i l l  be the range of
36.
m ateria ls?  suitabX o fo r  the  modol. A simplo o a le u la tlo n  shows tim t 
e f f e c t  of tlio cawironmont i s  n o t more than  PS i f  tho moan tem pérature 
of tho model i s  about 500% . Henco a  tem perature of 800% a t  the  
load ing  edgo of the model can be assumed in  th e  %)rellmlnary c a lc u la t io n  
to  e s tim ate  th e  h e a t c o n d u c tiv ity  o f th e  m a te r ia l.
Using equation  (2 .2 .2 )  tho re la t io n s  fo r  ^  and can bo
expressed in terms of p h y sica l q w m titio s  themsolvos? i . e .
5 « (f)  ( | )  ) ^ 13  . . . ( 3 .4 .1 )
(h ~ (1) 2/13 = T I I ••• (3 .4 .2)
and
E quations (3 .4 .1 )  and (3.4*2) y ie ld  the fo llow ing  (^p ress io n s  
for k and Q s-
^ = lh ^ 3  { ( 4 "  ) I . . . ( 3 .4 .3 )
and
Q ^  j 1 ^ 4  1 ( g f  )3 i(t . , . ( 3 . 4 . 4 )
Using equations (3*4.3) and (3*4.4) and f ig u re s  (2 .3*1) and (2*3.2) 
va lues o f  k and Q have been c a lc u la te d  fo r  tho lower and upper m e fu l  l im its  
o f 3 "  0*42 and 2*3 re s p e c tiv e ly  and th e  model th ick n esses  of and 1 inch . 
They are given In  ta b le  3*4*1



























































From ta b le  3.4*1 I t  oan be observed th a t  th e  range of hoat 
c o n d æ tlv i ty  of model m a te ria ls  i s  so la rg e  th a t  from the  p o in t of viow of 
conductiv ity^  alm ost a l l  m atais q u a lify  fo r  tho  conducting sk in  models, 
provided tho req u ire d  amount o f h e a t i s  availab le#  Tho ehoico o f a p a r t ic u la r  
motal w i l l  dapond on th e  th ick n ess  o f th e  model and th e  value o f 5 a t  which 
oKporimont i s  to  be o a rr io d  on.
iiowover, com paratively  lower hoa t co n d u c tiv ity  o f tho model m a te ria l 
w il l  bo n ecessa ry , i f  th e  experimoat i s  to  bo c a r r ie d  on to  t o s t  th e  V a lid ity  
of tho theo ry  fo r  the  la rg e r  value o f 3  # This can bo soon from ta b le  
3.4*1 as w ell as from f ig u re  3.4*1 in  which the  tom peratures a t  tho load ing  
edge and the r e a r  end of tho ak in  have been p lo tte d  a g a in s t tho product k . t .
Tho va lues in  t h i s  f ig u re  r o fe r  to  tho minimum value  n f 4^  ^ (equa tion  2 .3 .? )
39*
and tho oorrosponding value of (p a t  tho r e a r  ond taken  from f ig u re  2*3*1.
Figure 3*4*1 a ls o  shows t î ia t  as tho product k t  and homo the therm al 
eo n d u o tiv ity  k fo r  a given th ioknoss t  in c re a se s , th e  d if fe re n c e  botwoon 
th e  nose tem perature and the  ro a r  end tom peraturo d e c rea se s , rendering  tho 
expérim ental v e r i f ic a t io n  of tho  th eo ry  more vu lnerab le  to  th e  oxporlm ontal 
o r ro r . Im ter on, ( se c tio n  g*g) i t  has a lso  been found th a t  only  a  l im ite d  
amount of h o a t i s  a v a ila b le  from th e  heating  elem ents due to  tem peraturo 
l im i ts  of t h e i r  m a te r ia ls , thus r e s t r i c t in g  tho us© o f only a  low 
c o n d u c tiv ity  m a te r ia ls  fo r  tho model.
A ll pure m etals have high hoat c o n d u c tiv ity . For th e  low rang© 
of c o n d u c tiv it ie s , one has to  look  to  a llo y s  and ceram ics. Amongst the  
a l lo y s ,  e s p e c ia lly  18/B s ta in le s s  s to o l ,  nichrofiio and monel m etal liavo low 
values o f 4*0, 2*8 and 4*7 ft* % h /ft./scc /^ K  resp ec tiv e ly *
Though from the  p o in t o f view o f th e  therm al conductlv ity ,eo ram ios 
o f fe r  a  good proppoct fo r  • conducting sk in  models, b u t f o r  accm 'ate  manufacturing; 
The c o n d u o tiv itia s  o f d i f f é r e n t  typos of coramlos vary  alm ost from 0*3 to  1 .5  
f t , lb / f t* /s e e /6 k *  B esides, tho ooramio bodies having tho samo in g ré d ie n ts ,
w il l  havG d i f f e r e n t  h e a t c o n d u c tiv it ie s , dopending on th e  s tru c tu re*  The 
g la ssy  m atrix  has lower c o n d u c tiv ity  tîian th a t  o f c ry s ta l l in e  phase* The 
atrueturo of th e  f i r e d  body w i l l  vary w ith  the si%es o f th e  p a r t i c l e s ,  degree 
of packing; mixing and f i r i n g  conditions*  Thus to  m ain tain  a  p a r t ic u la r  
therm al c o n d u c tiv ity , all these  v a ria b le s  have to  toe c o n tro lle d .
During the  p rocess o f dry ing  and f i r in g ;  ceramic bodies undergo 
a  l o t  o f sh rinkage, c re a tin g  problems of m ain tain ing  th e  sis© aoem’a te ly  
and danger o f cracks* To macliine coramie bod ies, a f t e r  they  a re  f i r e d  a t  
h igh  tom poraturas, i s  n o t as easy as to  machin© a  m o ta llie  body.
4 - 0 *
3* g B etliiiation of the  Heating Fowor Eoqidrod from th e  Heat SowoG*
Roughly speaking, Q oquaX to  4.00 f të lh /f t* ^ ^ ^ /s a ç  (v ide  ta b le  3*4.1) 
would bo req u ire d  to  get a nos© tomperaturo o f 800^k on tho  modol* From
th i s ,  the  t o t a l  h o a t in p u t to  tho  6 inch  long model can bo estim ated  as 
fo llow s
T o ta l hoa t -  ^
4'=: 2 Q
56g f t* I b / f t#  span /sac  *
I f  tho r e f  loo to r  covers about W3 su rfa ce  of the  boating  elem ent, 
i t s  hoat ou tpu t should bo 8gO ( ss g6g x 3/2) f t . lb / f t . io n g tV s Q C , which i s  
about 1140  w a tts  in  o le o t r ic a l  u n i ts ,
Some heat.w ould be absorbed by tho r e f le c to r  and some would be 
wasted o u ts id e  th e  model# Thus the  a c tu a l  hoat u t i l i s e d  by tho model can 
be assumed to  30 to  40 p e r  pen t of tim t # i t t e d  by tho  element* hence tho 
n e t  p a m r o f tho  h ea tin g  ©leïïiont p e r f t*  len g th  can be catim atod to  the  order 
of 3 to  3*5 k* w atts*
3*6 Q £das_^Jjagtti,tM e
The conveetivo  h e a t lo ss  frora tho conducting sk in  has n o t boon 
considered  in  the  th eo ry  in  se c tio n s  2*2 and 2,3* Hence, i f  t h i s  lo s s  i s  
allowed to  occur in  the t o s t  m odels, i t  w il l  in te r f e r e  w ith  th e  h ea t balance 
of th e  sk in , in  which the  lo s s  o f hoat by ra d ia tio n  only  has boon considered* 
The convective  hoat lo s s  in  a i r  ia  no t n e g lig ib le  a s  w e ll, because, dopending 
on th e  d iffo ronoo  of tem peratures o f th e  model and I t s  purrom iding, i t  may 
be as h igh  a s  i t s  ra d ia t io n  hoat lo s s  i ts o lf*
The r e s u l ts  p lo tte d  In  f ig u ra  25-^3 o f "Heat T ransfe r " shows th a t  
f re e  convection  bocomes in s ig n if ic a n t  i f  tho p roduct o f  Grashof number and
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P ra iid tl number ip  lo s s  than  100* With the  s t ip u la te d  tom pom tures of 
800^k o f tho  model, t h i s  roqtda'oo th a t  the a i r  d o n s ity  b© reduced to  tho 
o rder o f 10*^  ^ to  10"^ lb / f t*  ^  which in  tu rn  im pllop a  vacuum of tho o rder 
of 1(T^ to  ICT^ to rr*  A s t i l l  h igher vacuum of the  o rder o f ICT"^  to  10**^  
to r r  w i l l  bo advantageous a s  i t  w i l l  f h r th e r  reduce th e  f re e  m olecular 
h ea t tra n s fe r*
kZ.
O a iP Ï E R  I V  
œ S I G W  OF T #  RISFJjIiCTOR
4 .1  j a k s ^ g w m * -
In  o rd er to  provido a  heating  on a eondueting sk in  modol, s im ila r  
to  th e  aerodynarûio h sa tin g , I t  was deoidod (v ide se o tio n  3 .2) to  design  a 
rofX octoi'. To do i t ,  tho basic  equations o f tho  r e f le c to r  were dorivod 
in  se c tio n  4 .2  and a  p re lim inary  study of th e  e f f e c ts  o f v a r ia tio n s  o f 
param otors of the  r  of l e c to r  was mado and conclusions drawn in  se c tio n  4*3. 
I t  was found t i ia t ,  though the basic  equations of the  r e f le c to r  in  section
4 .2  were same, d i f f e r e n t  com binations of signs o f param eters y ie lded  th re e  
d if f e r e n t  types of r e f lo o to r s ;*
(a) S ing le  and d i r e c t  ray  r e f le c to r ;*  Tho ro f le o to d  rays do no t c ro ss
each o th e r before  they  a re  in c id e n t on tho piano of i r r a d ia t io n  and 
tho p o in t o f inoidone© of re f le c te d  ray s s t a r t s  a t  one end o f the 
i r r a d ia te d  piano fo r  tho i n i t i a l  value o f e  and moves on in  one 
d ire c tio n  only , as the  r e f le c to r  p ro f i le  i s  trac ed  over by varying 
the  value of 0  *
(b) S ing le  and crossed  ray  r e f l e c to r ; -  This i s  th e  same as above, but
tho  r e f le c te d  rays c ro ss  each o ther before they  a re  in c id e n t on tho 
plane o f i r r a d ia t io n ,  and,
(o) Qomposito r e f le c to r :*  Up to  c e r ta in  value o f 0 tho p o in t of
inoidonce of th e  ro f le e to d  ray  moves in  one d ir e c t io n  only on the
i r r a d ia te d  plane and then  i t  rev e rse s  i t s  d ir e c tio n  fo r  fu r th e r  
v a r ia t io n  in  e  * This in  o f fe e t , r e s u l ts  in  allow ing any one 
p o in t o f the  i r r a d ia te d  piano to  reço ive  ro f le e to d  rays from two 
com pletoly sep a ra te  p o rtio n s  o f tho r o f le c to r  p ro file #
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E ffe c t  of f i n i t e  siao  o f tho heating  element warn a le e  taîcen up#
Some of the  r e f le c to r s  wore doslgnod w ith the  help o f computer and toptod  
both  a n a ly tio a H y  and oxporim entaily  to  asso ss  th o i r  perfoxmanoos* When 
tho porformances o f theae ro f io a to rs  wor© n o t found as good as d e s ira b le , 
a  multl-oiOTo r e f le o to r  was dosigned w ith  tho help  o f a eomputor# I t  
was than  c o n s tru e ted , and tes ted*
4*2 The R e flo c to r P ro f i le  s*
As d iscu ssed  in  Chapter I ,  the e o o ff ic io n t  o f hea t t r a n s fe r  a t  
a  p o in t on a  body w ith  lam inar boundary la y e r  i s  in v e rse ly  p ro p o rtio n a l 
to  the  square ro o t  o f i t s  d is tan c e  from tho noso, l*o*
«wlh X ^
o r h ™ # .* (4#2#1)
Whoro Q i s  some co n stan t whose value depends on tho f l i g h t  
conditions*
Since a l l  hypersonic bodies have to  bo ra th e r  b lu n t nosed and 
because tho o r ig in a tin g  boundary la y e r  a t  tho noso i s  th in  (v ide Chapter I )  
tho h ea tin g  ra to  a t  the nos© i s  no t in f in i te *  E quation (4*2*1) i s  m odified, 
th o ro fo ro , to  g ive a  f i n i t e  r a te  o f heat in p u t a t  the nose, i.o *
h — * # * (4*2*2)
Where % i@ a c o n s ta n t.
In  f ig u ro  (4*2.1) i f  XP i s  th e  piano i r r a d ia te d  by th e  r e f le c to r
ARB giv ing  tho h e a t d is t r ib u t io n
(x-x^)"
XP a  X




M  -  Normal a t  H on tha ro f le c to r  p ro fila #
Q" s: h ea t in te n s i ty  of tho hoat noareo a t  0 (assmiiod 
a  l in o  source) thon tho t o t a l  h o a t energy from 
an in f in i te s im a l  arc  d ^ of tho hoat source would 
bo Q'^ 'd 9 # I f  th is  amount o f h e a t f a l l s  on a  
le n g th  dx of XP about ?g then  th e  hoat d is t r ib u t io n  
on tho plan© XP would bo given by
Ë m .  =
chs X- \ e )
For tho r e f le c to r  to  give tho req u ired  h ea tin g  on X?g t h i s  should 
bo equal to the  aerodynamic h ea tin g  l#o$
* » * C 4-* S# 3}
f  ■( 6')
Loij Q — # * # (A# 2#^)
Than equation  (4*#2#3) roducos to
or (x-,%^) = (9 # ,# (4 .2 .5 )
Whoro i t  i s  assumed th a t  tho  ray  o f  r a d ia t io n  from 0 making an 
angle 9 ^ w ith  OX implngoa on tho "edgo" of I r ra d ia to d  plan© a t  % =: % .
In order to  get a l l  tîîo in c id e n t ra d ia tio n  on XP noarly  p a r a l l e l ,  
i t  i s  noecssary  to  have (x-x^) sm all compared w ith  OX and so should bo 
sm all compared w ith  OX#
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Ill p o la r  oo -o rd inato s r  and 9  , w ith  0 as o r ig in  and r  -  r  ( 9  )@ 
OX as y  -  a x is  ( i .o *  & -  0 ), tiio angle RNX i s  given by
1M m  -  © -  tan"-** ( I  ) . . . ( 4 * 2 .6 )
whore
1 d r
*1 rFrom geometry ùOllU -  ** tan* ( ^  ) and by the  laws of s p e c tra l
- I  r^r e f le c t io n ,  HP makes an angle of |  ^  -  ju « 2 tan "  ( ^  ) j w ith  OX.
In  c a r t i s i a n  eo -o rd ln a to s  w ith 0 as o r ig in , th e  in c l in a t io n  of IIP can be 
given as
ta n  \ & *• 77 « 2  ta n  ^ ( -^ ) H ~L '  r  y  -  r  ooa e
X r  s in  9 (A P 7)
"  r  cos 9oI
With r  and so r "  Imown as a fu n c tio n  o f B , th i s  detorm iaos x as
a  fu n c tio n  of O «
Equation (4*2.7) oaa be oxprossed in  a more convenient form as
r^  z: ta n  I -?» g- ta n  ^ ) ] . . . ( 4 * 2 .8 )^ ™ van IS 2 ' ' a ** r cos 9 J
I f  tho d i r e c t  i r r a d ia t io n  of piano XP by the hoat source, which 
w i l l  be o f tho ordor of cé' ( %  ) la  taken in to  account, equation
(4*2. 3) beGomoB
. a i  + Q‘'- a „  = g :2
A fto r a l i t t l o  c a lc u la t io n , th is  leads to
  ----------  ,------—. **.(4*2.9)
d 9   1__
2a
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E quations (4*2.8) and (4*2.9) dotormino th© p r o f i le  of tho  
req u ired  m f  loo  to r .
1S ince a t  % a: % _ tho torm boooiaop i n f in i t é ,
equation  (4*2.9) i s  f u r th e r  m odified to  s u i t  tho eomputer as
i.mnioTdi'iim niwiMiiBmii,«i c ^  . . .  (4*2.10)
d e
(1 -  )
a^2 + %2
whore
s  = ( f : ! k  )*  , . . u , 2 . i i )
h
E quations (4*2*8), (4*2.10) and (4 .2 .1 1 ) woro usod on th e  Deuce 
computer to  f in d  th a  moat a u ita b lo  shape of tho ro f  l e c to r  w ith ra d ia n t  onorgy 
em itted  from a p o in t souroo.
In  detorm ining th e  siiapo o f tho r o f le e to r ,  tho fo llow ing  l im ita t io n s  
wore obaorvods
1. Tho t o t a l  so lid  angle subtended by the r e f le c to r  a t  any p o in t on tho 
i r r a d ia td d  piano was n o t to  exooed 10 per cen t of 2 ZT , so th a t  the  
amount o f in c id a n t rays on th a t  p o in t, caused by re f le c te d  rays 
coming from th e  i r r a d ia te d  p lane  d id  no t exceed one p e r cen t o f tho 
t o t a l  i r r a d ia t io n .
2. The r a t i o  o f the minimum rad iu s  o f tho r e f le c to r  to  th a t  of the h ea tin g  
filam o n t was n o t to  be lo s s  than  10.
4*3 P re lim inary  Study of tho Paramotors of tho R o flec to r
The main o b jec ts  of the  p ro lim inary  study  o f tho param eters wore 
to  f in d  th o ir  o f  fo o ts  on tho shape of tho r e f le c to r  and on the  plane of
De s i g n  p a r a m e t e r s i — 
r ,  =0 . 3 0 , X .= ~ 0 „1 0 , L ,= 0 .0 0 .
r  =0 . 0 4 7 8 5  a t  0=180Ro s i l l  1 3 " -  0. =195
X v a r i e s  i r o n  0 . 2 0 3 7 5  t o  ~ 0 . 1 0  t o  O . 5 4 o i l
K /
i U B i S Ï
F X 0. 4- B 3 01 V a r i a t i o n  of  6^  . =  4 5 l
Üe s i g n  P a r a m e t e r s ;
L ,= 0 .G 60 . 1 08^ = 7 5 ;  r , = 0 . 3 0
r  = 0 .1 2 2 4 9  a t  6=1dORe s u i t s  6^  ^= 2 2 5 î
X v a r i e s  from 0 .20375  to  —0 ,1 0  to  0 . 2o756.
2I0.4#3#2 V a r i a t i o n  o f  0. Go =75
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i r r a d ia t io n  so th a t  u ltim a to ly  a  r e f  le c to r  most su ittib lo  to  sorvo tha  
purposo In  tho fu r th e r  oxporim onts, could bo designod* This was a lso  
Im portant to  f in d  tho value of tho  <9^  i . e .  tho voluo of <9 fo r  which tho 
h o t te s t  p o in t on tho piano of i r r a d ia t io n ,  received  the ro f le e to d  ra y s .
In  d e riv in g  tho oquatie n s  of the  r e f le c to r  ( se c tio n  4*2) no account was 
taîson o f tho p o s it io n  of tho hea tin g  element in  in te rc e p tin g  some of tho 
ro f le e to d  ra y s . Whatever i s  done, a t  l e a s t  some o f the  re f le c te d  rays 
would be in tG rcoptod, b u t i t  i s  im portan t to  see th a t  r e f le c te d  rays duo
to  bo in c id e n t in  tho  reg ion  of h o t te s t  p o in t, do n o t g e t in to rco p ted  by
tho filam en t.
In  o rder to  reduce tho bulk of work, f i r s t  param eters x , x  and r
wore d iv ided  by a  to  render thorn non**dimen0io n a l and then  tho num erical
value of a  was talcon as u n ity . This e lim inated  the need to  study ao o
sop o ra to ly .
Tho r e f le c to r  p r o f i le  could bo s ta i’tod in  th e  f i r s t  quadrant and 
trac ed  up to  th e  fo u rth  quadrant or v ice  versa* Both these  methods were 
adopted and a la rg o  number o f ro s u i ts  taken mid s tu d ie d . J u s t  only a  few 
o f thorn to  holp to  exp la in  c e r ta in  conclusions drawn from those r e s u l ts  
a re  givon in  f ig u re s  4*3*1 to  4 .3*12. A l in o  a s  a  sourco of ra d ia n t hea t 
was assumed in  the  p re lim in a ry  study .
4 .3 .1
V a ria tio n  of 9 ^  Kooping o th e r paramo to r s  c o n s ta n t, the  value of ô
was v a rie d  in  th e  design  o f tho r o f  lee  to rs  o f f ig u re s  4*3*1 and 4*3*2.
From thoae two f ig u re s ,  i t  can be seen t l i a ts -
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( i )  tho g rGator va lue  of 9 ^ ,  y ie ld s  more oven r e f le c to r  p ro f i lo  and tho
value of r^  i s  l a r g e r ,  making e a s ie r  to  obsefvo th e  second l im ita t io n  a ta i’tcd
in  se c tio n  4*2. In  f a c t  tho value o f has alm ost Inoreasad th re e fo ld  when
tho va lue  of 9 ^  has ohangod from 45*^  to  75^* Howovor, i f  tho  valuo of r  i s
r
compared w ith  th e  valuo of r  a t  9 si 75^ in  f ig u re  4 *3*1 , then
 ^in
f ig u re  4 *3*1 I s  p ra o t lo a l ly  tho same as ^ ; of f ig u ro  4 *3*2 .
^ .^= e?c;=75T> ' ” *■'
Thus, tho gain  shown in  tho valuo o f by in e re a s in g  <9 ^ from 45° to  75° 
i s  n u l l i f i e d .  But tho la rg e r  valuo of <9 ^ w il l  have th e  adverse e f f e c t  o f 
door easing  the  o ffio ien o y  in  term s o f u t i l i s a t i o n  of hoat a v a ila b lo  from the 
hoat souroo,
( i i )  The valuo of ^  ^ n e ith e r  c o n tro ls  tho p o in t of tho inoidenoo of 
ro flo o to d  m y  oorresponding to  9  3^  0 ^  nor tho p o s i t io n  o f the  h o t te s t  
p o in t on tho plan© o f ir ra d ia tio n *  Howovor, th e  oxtont of tho  p lane of 
I r r a d ia t io n  seoms to  depend on tho value o f G ,  la r g e r  valuo  g ives sm aller 
le n g th  o f th e  p iano . This i s  im portant f ro a  th e  p o in t of view of c o n tro llin g  
tho le n g th  o f tho piano of I r r a d ia t io n ,  because only  6 inch  long models o f  the  
conducting ak in  have to  be used (v ide  se c tio n  3 .4 )
( H i )  Tho g ro a to r  value o f 9 ^ r e s u l ts  in  g re a te r  valuo o f 0  a s w e ll, and,
(Iv ) T racing the  r e f le c to r  p r o f i le  w ith  a  nogativo value  o f So and a p o s it iv e  
increm ent dB , y ie ld s  a  composite r e f le c to r .
V a ria tio n  o f
Kooping o th e r param eters of r e f lo c to r  o f f ig u ro  4*3*1 c o n s tan t, tm
more re s id ,ts  w ith  -  0.00 and = 0 .10  wore talcen and a rc  p lo tte d  in0 0
f ig u re s  4*3.3 and 4*3*4 re s p e c tiv e ly . From tho  comparison o f those  th re e  
f ig u re s ,  the  fo llow ing  observations can be made:-
R e s u l t s ; — S]j='195,i r j^ = 0 .0 3 5 ô  a t  0 -'l8O  
X v a r i e s  f ro m  0 .3 0 3 7 5  t o  0 .0 0  t o  0 .6 3 7 0 1
PIG. 4.3.3. Variation of Xn
X
X„=?0.00
De s i g n  T a r a m e t e r s ; -
00 =45 ; r » = 0 .3 ,  X e = 0 .10
R e s u l t s
3 o = - 2 . 2 5  , ■Ii,=0,06
X v a r i e s  f ro m  0 .4 0 3 7 5  to  0 .1 0  t o  0 ,.7 2 6 1 5
6j^= 1 9 5 , r^^=0.021 5 a t  6=180"
&
i+mim
'10. 4 .3^  4 . .  V a r i a t i o n  o f  . X = 0 .1 0
" — 0 — — —
D e s ig n  P a r a m e te r s
0 p = 4 5 j  r  ^= 0 . 3 0 , Xp=O.Oj Sc,=—1-,00y L , = 0 . C 6
R e s u l t s 8j^= 10 5 r^^= 0 .0466  a t  6=195*
y'R
X v a r i e s  f ro m  0 .0 6  t o  0 ,0  t o  0 ,8 9 3 0
P I G .4 .3 * 5 . V a r i a t i o n  o f  S So 1 *00
D e s ig n  P a r a m e t e r s : -  
in  = 0 , 30 a. =1 *00 0 .0 6X o= 0 .006_ = 4 5 ,
R e s u l t s . r  = 0 2 0 2  a t
to 2 .38317X v a r i e s  from - 0 ,0 6




( i )  Tho negative  value o f % r o s a l ts  in  moro ©van r e f le c to r  p r o f i le  than  
the  poBxtiv© value#
( i l )  fho la rg e r  nogative  valuo o f z  y ie ld s  a  g re a te r  le n g th  o f the  piano 
o f i r r a d ia t io n ,  b u t the  len g th  does not inoroaeo in  tiio same p ro p o rtio n  as 
th e  value of b u t acme what lass#
( i l l )  Thoro Is  no e f f e c t  o f  th e  value of % on the  va lue  of 
(Iv ) The h o t te s t  p o in t on the  plane o f I r r a d ia t io n  corresponds to  the value 
of i t s e l f .  T his, of cou rse , i s  ev id en t, from # e  equations of the
re f le c to ra  a ls o | and
(v) Any value of p o s it iv e  o r n ega tive , doas no t e f f e c t  th e  type of the 
r e f l e c to r .
V a ria tio n  o f s* To s tu d y  the e f fe c ts  o f v a r ia t io n  o f S , tho r e s u l ts
p lo tte d  in  f ig u re s  4#3.3 , 4*3*5 and 4#3*6 fo r  = -2 .2 5 , -  I# 00, and 1 ,00 
re s p e c tiv e ly , can be compared and tho fo llow ing  conclusions drawn?-
( i )  The p o s it iv e  value of 8^ y ie ld s  a  s in g le  and crossed  ra y  ro f lo o to r  whereas 
a  negative  valuo gives a  composite re f le c to r#
( i l )  E f fe c t  on tho  eimratur® of tho r e f le c to r  p r o f i le  i s  a ls o  very  largo#
Tho nogative  valuo o f g ives tho valuo of r^  more than  tw ice to  th a t  obtained 
from tho  num erically  oqual p o a itiv o  valuo of S^#
( i i i )  Tho values of a re  d i f f e r e n t  fo r  id e n t ic a l  va lues o f bu t of 
opposite  s ig n .
(iv )  S ing le  and crossed  ray  r e f le c to r  obtained w ith  p o s it iv e  value of 8 g ives 
more than  tw ice th e  len g th  of tho plane o f i r r a d ia t io n  of th e  aomposito r e f le c to r  
designed w ith  num erically  oqual negative  valu© of and
(v) The la rg e r  th e  nogative  va lue  o f $ ,  tho sm allor i s  the le n g th  o f tho 
p iano of Ir ra d ia tio n #
R e s u l t s ^ - r^^= 0 .0207  a t  1 8 0 .
:.-7R
X v a r i e s  f ro m  0 .4 5 5 6 2 5  t o  0 .0 0  t o  0 ,5 9 5 6
R IG .4 . 3 . 7 . V a r i a t i o n  o f  L , , I , =0 .09
V a ria tio n  o f
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From oquatioa  (4*2*4) i t  i s  ev iden t th a t  omi no t bo nogatlvo , 
i f  i t  has to  bo of any p h y sica l s ign ificance*  T herefore, r e s u l ts  w ith 
p o s itiv e  va lues o f  only were taken , one of which i s  p lo tte d  in  figure»
(4*3*7) fo r  = 0,09  to  compare i t  w ith  the r e s u l ts  o f f ig u re  4*3*4 in  
which Lj^  ^  O.C6 ims taken* Tho fo llow ing  conclusions can bo derived  from 
them?-
( i )  Tho sm aller vaLua of y ie ld s  la rg e r  value of and hcnoo a more 
oven ro f lo o to r  p ro f ile *
( i i )  Larger value of ro s u l ts  in  a  g re a te r  len g th  of th e  piano o f i r r a d ia t io n ,  
In o id e n ta lly , the  in c re a se  in  th e  len g th  of the  piano p ro p o rtio n a l to  th e  
in c rease  in  th e  value  o f L^  in  those two examples c i te d  i s  a b i t  m isleading 
booause the  valuo of in  both  cases was talîen sero*
( i i i )  Tho value ofe^^ i s  no t e ffe c te d  by th e  value o f and
(iv )  Tho valu® o f does no t detorm iao tho  typo of tho  r e f le c to r .
V a ria tio n  o f r  R esu lts  obtained by varying r  showed th a t  i t  had
p r a c t ic a l ly  no e f f e c ts  e i th e r  on the r e f le c to r  p r o f i le  o r on tho piano of
i r r a d ia t io n ,  except th a t  the rad iu s  of tho p r o f i le  everywhere was approxim ately 
p ro p o rtio n a lly  in creased  or decreased  as tlio valuo o f r^ ,
4*3*2* Ref le c to r  Pro f i l e  S ta r t in g  in  the  Fourth  Qmdrant
The conclusions de rv led  from th e  b igger value o f in  se c tio n  4*3.1
aro  tru e  fo r  th e  sm alle r value o fG ^  i f  th e  r e f le c to r  p r o f i le  i s  s ta r te d  in  tho
fo u rth  quadrant and trac ed  back to  tho f i r s t  quadrant by a ss ig n in g  a negative
value o f d 8 ,  This can be e a s i ly  soon from f ig u re s  4*3*8 and 4*3,9 .
The same i s  tru e  fo r  the conclusions drawn w ith  re sp e c t to  the  
b igger valuo  o f %  In  i l i is  oasa has tho same e f f e c ts  as tho sm aller valuo of
D e s i  fgn P aram e t e r s e -
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R e s u l t s = = 1 9 5 , r  = 0 .0 8 7 0 3  a t  6 = 1 6 5 ,fl Li
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R e s u l t s
/
2 . 0 ,  L ,=0 .06X o = - 0 .35
r ^ = 0 .04495  a t  6=1656 , = 2 1 0
X v a r i e s  from - 0 . 1 1  t o  - 0 . 3 5  t o  0 . 0 4 3 1 3 ,
- i i
X
R io .  4 . 3 . 9 .  V a r i a t i o n  o f  0 c , - .  6  ^=31 5.
D e s i  fçi Pa ram  e t  e r  s  i
00=300, r ^ = 0 .4 0 ,  x = = -0 .3 5 ,  S. = 2 .0  , L ,= 0 .0 9
R e s u l t s  g- e,^ = 2lO% r _ = 0 . 09 3 03  a t  6 = 1 6 5
X v a r i e s  f ro m  0 .0 1 0  t o  - O . 3 5  t o  0 .0 6 1 2 4
$ @ Ê !
S
I
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RIG. 4 . 3 . 1 1 .  V ar i a t i o n  o f  x  ^ .__________35^^
De s i  ;c:n P a r a m e te r s
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fICr. 4 .3 V a r i a t i o n  o f  3 o . So= -1 .0 0
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fo r  tho  ro f lo o to r  p r o f i le  a ta r to d  in  tho f i r s t  quadrant (comparisons 
o f f ig u re s  4*3*B and 4#3*10)#
In  oaso o f and 8^^ i t  i s  j u s t  th e  q u estio n  of change of s ig n  
i« o , conclusions drawn fo r  the  negative  values o f o r 8 in  se c tio n  3-4*1 
a re  e x a c tly  tru e  fo r  t h e i r  p o s it iv e  values and vice-vex'sa f o r  the  r e f le c to r  
s ta r t in g  in  tho  fo u r th  quadrant ( f ig u re s  4*3*8^ 4*3*11 and 4*3*12}* But 
th i s  should n o t bo overlooked th a t  whoroas p o s i t iv e  valuo  o f 8 in  se c tio n  
(4*3*1) re s u l te d  in  a s in g le  and crossed  ra y  re f le c to r*  the negative  valuo 
of in  f ig u re  4*3*12, produces a d i r e c t  ray  r  of le c to r*  Besides* tho
p o s it io n  of the  h o t te s t  p o in t on th e  p lane  o f i r r a d ia t io n  does not co incide  
w ith  the value  o f x  which happened in  tho ease  o f tho o th e r two typos of 
th e  re f le c to r*
4*3*3 Typos of the  r e f l e c to r s *
From tho r e s u l ts  d iscussed  in  se c tio n s  4*3*1 and 4*3*2 i t  can bo 
observed th a t  b a s ic a l ly  th ro e  d i f f e r e n t  types o f  I 'o f lo o to rs  can bo obtained 
by a ss ig n in g  d if fo re n t  signe to  t h e i r  paramotors* Those aro  (1) s in g le  
and crossed  ray  r e f le c to r  ( i i )  s in g le  and d i r e c t  ray  ro f lo o to r  and ( i i i )  
composite re f le c to r*  The s ig n s  o f th e i r  param otors can bo tab u la te d  as 
fo llow s S"*
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Sing le  and cx'osBod ray■i- ve
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4$ 4* Effoots. o f F in i  ta  S iae  o f  Eoating B lm e n t
A f i n i t e  e ia a  of the  hoating  element ( omotion 5 .6 ) i s  In ev itab lo  to  
g e t s u f f io lo n t  amount of hoat energy* But so far*  h oa t was assumed to  r a d ia te  
from a  p o in t source* and therefor©* the  e r ro r  Involved in  the h e a t d is t r ib u t io n  
due to  use o f a  f i n i t e  sia® of th e  heating  element i s  unknown# This* however* 
would undoubtedly in o ro ass  w ith  th e  in c reas in g  sis® of the  filam ent* Sineo 
th e  power requirem ents has to  bo of tho order of 3 to  3,5 k ilo w a ttsg a simple 
e a lo u la tio n  shows th a t  tho minimum dlam otor o f tlso f ila m e n t can n o t bo lo s s  
than  ^  inch* i f  th e  working tomporatur© o f tho filam en t i s  no t to  ©Kcood 2000 
fo r  an assumed Véiluo o f G = 0*6* This would o o r ta in ly  upset tho  hoat
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d i s t r i b u t io n ,  u n le s s  th o  sisjo o f th o  h o a tin g  elem ent i s  g iven  due
c o n s id e ra t io n  in  th e  d es ig n  o f th e  r e f l e c to r  i t s e l f ,
A com plete ly  new s e t  of d i f f e r e n t i a l  e q u a tio n s , of th e  r e f l e c to r  
'was d e r iv e d , w hich a re  g iven i n  appendix à ,  The new approach in c lu d es  
th e  c o n s id e ra tio n  o f reflection  of t o t a l  r a d ia n t  energy  e m ittin g  from a l l  
p a r ts  o f  th e  f i la m e n t ,  v i s ib le  to  a p o in t o f  th e  r e f l e c t o r  a t  %7h ic h  th e y  
a re  I n c id e n t • E quations (4 ,2 # 1 0 ), (4 ,2 ,1 1 )  and (A-IO) were f u r th e r  used 
to  f in d  th e  most s u i ta b le  p r o f i l e  o f th e  r o f lo o to r .
R e su lts  tak en  w ith  and w ith o u t c o n s id e ra tio n  o f th e  s is e  o f  th o  
h e a tin g  e lem en t, having id e n t i c a l  o th e r  p a ram e te rs , showed th a t  th e re  ivas 
no a p p re c ia b le  d if fe re n c e  in  th e  shape o f th e  r e f l e c t o r s , i f  the  r a d iu s  
o f th e  h e a tin g  clem ent was no t more th a n  about 15 p e r cen t o f th e  ra d iu s  
o f th e  r e f l e c t o r  a t  ' g .  But even an in f i iv l te s lm a lly  sm all change in  th e  
c u rv a tu re  a t  any p o in t o f  th e  r e f l e c t o r  p r o f i l e  would g r e a t ly  s h i f t  th e  
p o in ts  o f  in c id en ce  of r e f l e c te d  ra y s  on th e  p lan e  o f i r r a d i a t i o n .  From 
t h i s  p o in t o f  view , th e r e f o r e ,  c o n s id e ra tio n  o f th e  s ia e  o f h e a tin g  elem ent
In  th e  d es ig n  o f th© r e f l e c t o r  was n e c e s sa ry ,
4*5 S in g le  R e f le c to rs
4 ,5 ,1  D esign and Dovelopimnt P re lim in a ry  s tu d y  o f  th e  e f f e c t s  o f  
v a r ia t io n  o f  param eters  gave an  adequate  id e a  o f hew to p r e d ic t  the type  o f  
r e f l e c t o r ,  b u t not enough Immvledge to  e s tim a te  p r e c is e ly  th e  shape o f i t s  
p r o f i l e  and i t s  perfo rm ance, T h e re fo re , th e  d es ig n  developm ent and 
ex p erim en ta l t e s t i n g  o f  th e  performance o f ojrjy type  o f th e  r e f l e c t o r  was 
a b s o lu te ly  n e c e s sa ry .
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To develop any typo of re f le c to r*  the  process of r e i t e r a t io n  was 
followed * R esu lts  w ith  some values of param eters were tak en  on the  
computer, graphs of r e f le c to r  p ro f i le  aptl the  plane of i r r a d ia t io n  p lo tte d  
and then  values o f param eters m odified to  b ring  about the  d e s ired  change 
in  th e  cu rvatu re  and/or s is e  o f th e  r e f le c to r  end/or in  th e  plane of 
i r r a d ia t io n  in  the next computer ru n . The process was rep ea ted  again  and 
again  u n t i l  a most su ita b le  p ro f i le  o f th e  ro f lo o to r  was obtained* At 
t h i s  s ta g e , an idea of the  s is e  of h e a tin g  element and th a t  o f sca le  was 
necessary  to  ass ig n  num erical values to  tl>e diam eter of th e  filam en t and 
th e  other, p a ra m e te rs ,.
F in a lly  two s e ts  of r e s u l t s ,  one fo r  th e  d ir e c t  ray  sing le  
r e f le c to r  and th e  o ther fo r the  crossed ray  sin g le  r e f l e c t o r , were accepted 
fo r  c o n s tru c tio n  and t e s t i n g .  The r e s u l ts  are  given In  ta b le s  4 ,6 ,1  fo r  
crossed ray  r e f le c to r  and 4,6*8 fo r  the  d ire c t  ray  a t  an in te rv a l  of 10 
d eg rees . O rig in a lly  r e s u l ts  were taken  a t an in te rv a l  of 2 degrees fo r  
the  sake o f good accuracy in  th e  p ro f i le  and to  save space, they  are  given 
here a t an in te rv a l  o f 10 dogrees, .
4*5,2 C o n stru c tio n s# , T\ifo h a lf  inch th ic k  p ieces of Sindanyo were marked
and out a c c u ra te ly  in to  th e  shape of th e  r e f le c to r  p r o f i l e .  The p o s it io n
of the  f i la v a n t  vme a lso  marked a cc u ra te ly  on th e  Blndanyo p ieces end h a lf
inch diam eter ho les were d r i l l e d  through them to  f i t  Slndanyo plugs v/ith
^  inch diam eter h o les  to  take up th e  filam en t support rod  o f alum ina,
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Alumina was used to  support th e  c o iled  filam en t fo r  i t s  e l e c t r i c a l  in su la tin g  
p roperty  and i t s  high vmrking tem perature * , A 24 gauge, w e ll po lished  
copper sheet was thorn ben t over th e  Slndanyo p ie c e s , which were held  r ig id
TABLE 4 .5 .1
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GROBSEB MY REMEG TDK g B ESiaH BATA
P aram eter:-
00 “  40g^ 9




0 ,1 7 5
.0 .1 6 0
s c a le
Lt,
0,00
0 .0 0 9 4
33 in c h e s

































0 .1 3 0 5 2
0*10177
0*08236
0 .0 6 8 7 6
0 .0 5 8 9 7 1
0 .051777




0 .0 3 5 7 6
0 .0 3 4 8 3
0 .0 3 4 4 2
0 .0 3 4 5 0
0 .0 3 5 0 8
0*03618
0 .0 3 7 3 7
0 .04025
0 .0 4 3 4 8
0 .0 4 7 7 7
0 .0 5 3 4 6
0 .0 6 1 0 6
0 .0 7 1 3 0






-0 .1 6 0 0 0  
-0 .1 5 9 7 3  
-0 .1 5 8 9 3  
-0 .1 5 7 6 2  
- 0.15580  
-0 .1 5 3 4 9  
-0 .1 5 0 7 0  
-0 .1 4 7 4 6  
-0 .1 4 3 7 5  
- 0.13960  
- 0.13501  
-0 .1 2 9 9 7  
-0 .1 2 4 4 7  
- 0.11852  
-0 .1 1 2 0 8  
-0 .1 0 5 1 5  
-0 .0 9 7 7 0  
-0 ,0 8 9 7 1  
-0 .0 8 1 1 4  
- 0.07196  
-0 .0 6 2 1 5  
- 0.05166  
-0 ,0 4 0 4 7  
-0 .0 2 8 5 4  
-0 .0 1 5 8 4  
- 0.00236  
4*0.01194 
0,02706  
0 .0 3 3 3 4
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ïïABIiB 4 .5 .2
SINGLE BIREM RAY REPLEaîORi DESIGN DAŒA
Parameter
00 = 270° ro = 0 ,5 0 0 So = 0 ,0 0
dO = 2° zo 0 ,5 0 0 0*065
^ = .00760833 3 S c a le  = 15 in c h e s
0 (d e g r e e s )
lüfl U il' TiTIf <1 n 1 ~ lITTr 1 Hill wmx 1,11#
r X S lope(r a d ia n s )
2 j q 0 0*30000 0 ,5 0 0 0 0 2 ,6045
260 0 .2 7 5 8 0 0 .5 0 1 8 0 2 , 5 2 9 2
250 0*25560 0 .30704 2,4142.
240 0,25851 0 ,5 1 5 5 0 2 ,5 2 2 6
230 0.22715 0 ,52699 2 * 2 2 5 0
220 0 .2 1 9 5 8 0.54136 2 ,1 1 5 7
210 0,21527 0.55846 2 ,0 2 9 3
200 0 ,2 1 3 9 2 0 .3 7 8 2 0 1 .9 3 4 5
190 0 ,2 1 5 6 5 0 ,4 0 0 4 9 1*8314
180 0*22049 0,42527 1,7477
170 0,22879 0 ,45249 1 .6 5 5 2
160 0 .2 4 1 0 7 0 ,48213 1.5538
150 0 .2 5 8 1 3 0 ,51419 1 * 4 7 0 7
140 0*28117 0*54868 1 ,3 7 8 0
130 0 .3 1 1 9 5 0 ,58563 1 , 2 7 5 0
120 0.35307 0 .6 2 5 0 6 1 .1 8 9 4
110 0 .4 0 8 5 9 0 .6 6 7 0 4 1 . 0 9 1 7
100 0 .4 8 3 6 5 0.71159 0 ,9 7 9 5
90 0.58754 0 ,75879 0 .8 8 1 8
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REP:
T h e o r e t i c a l  x  ** o o * -o r d to a te  o f  t h e  h o t t e s t  p o i n t
K:$ « 0 .1 6  (m o m « d im e n e lo a a I  )
o r  «  5#2 8  i n o h o o .
E x p e r im e n ta l ly  fo ta n i z  a o ^ o r c lin a te  o f  t h e  h o t t e s t  p o in t
&« « 5 * 4 5  l a e h e e #





.0 tO 2 8 T
.0 ,0 0 7 6
0 , 0 0 .
0.0076
0 .0 3 7 9
0 ,0 6 8 2
0 .0 9 8 5
0 .1 8 8 8
0 ,1 5 9 1
0 ,1 8 9 4





0 # 2 g
x . m





R e l a t i v e  h e a t  
I n t e n s i t y  f o r  th e
b e e t  f i t  o f  
d a t a
.20 . 4 : 
1,11
1 . Ï 8 8  
1 ,2 9  
1 .1 8  
0 ,9 5 5  
0 ,7 8 7
0 .5 0
0 .8 9 3































and p a r a l l e l  to  each o th e r  on a wooden frame# s i t t i n g  square on a  su rface  
ta b le *  The copper was used f o r  t h e r e f l e c to r  fo r  i t s  h ig h  r e f l e c t i v i t y  
o f in f r a - r e d  r a d ia t io n ,  and th e  Slndanyo fo r  i t s  low c o e f f ic ie n t  o f  
th erm al escpansion and easy  w orlcab llity *
The f i r s t  r e f l e c t o r  made was the  c ro ss  ra y  s in g le  r e f l e c t o r .
4*6*6 E xperim ental T est o f  th e  S in g le  Crossed Hay R e f le c to r  ;#* A 
c i r c u la r  f o i l  G ordon's ty p e  rad iom ster'^^  was e s p e c ia l ly  made fo r  th e  
measurement of tho in te n s i ty  o f r a d ia t io n  im pinging on th e  model (v ide 
s e c t io n  6*4)* S ince th e  vacuum chamber and th e  vacuum puraps were no t 
a v a i la b le  by th a t  tim e# t e a t s  o f th e  r e f l e c to r  were c a r r ie d  out in  the  
atm osphere* Care was tak en  to  m inim ise a l l  d rau g h ts  o f a i r  * To 
su p p o rt th e  r e f l e c t o r  r i g i d l y  in  p o s i t io n  and to  a llow  a c o n tro l le d  
movement o f th e  rad io m e te r in  th e  p iano  o f i r r a d ia t io n *  a t e s t  r i g  was 
designed  and co n s tru c te d *  A n io h ro m  viivo filam en t#  v/ound ai^ound an 
alum ina rod* was used  as a h e a tin g  e le m en t. The e .m .f*  s ig n a ls  o f  th e  
rad io m ete r were reco rd ed  by a V ern ier p o ten tio m e te r w ith  th o  h e lp  o f  a 
n u l l -p o in t  g alvanom eter# u s in g  th o  ba lanced  c i r c u i t#  The expérim ental 
t e s t  r e s u l t s  o f  the  r e f l e c t o r  a re  g iven  in  ta b le  4*5*5 and th ey  a re  
p lo t te d  in  f ig u re  4 ,5 * 1 ,
4*8,4  D iscu ss io n  o f R e s u l t s ;* R e su lts  of the  t e s t  a re  very  d isa p p o in tin g *  
As th e  in t e n s i t y  o f  h e a tin g  a t  th o  h o t en d ,o f  th e  p lane o f i r r a d i a t i c n  i s  
no t as h ig h  as expected# There might be se v e ra l reaso n s*  8om© o f th e  
siitall term s dropped to  s im p lify  eq u a tio n  (A^6 ) in  th e  d es ig n  of th e  
r e f l e c t o r  p r o f i l e  might have a f fe c te d  th e  r e s u l t s  s l ig h t ly *  Secondly#
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einoe the  hot end of the  plan© of i r r a d ia t io n  roee ives r e f le c te d  rays 
from an end p o r tio n  o f th e  r e f le c to r  p r o f i le ,  i t  i s  l ik e ly  to  lo se  soma 
of th e  heat rays*  This i s  heoauso any po in t on th e  p lane of i r r a d ia t io n  
rec e iv e s  r e f le c te d  rays from a large  p o rtio n  of the  r e f l e c to r  p ro f i le  
(vide appendix-B), on account o f the h ea tin g  element no t being a p o in t 
source $ And# i f  th a t  po in t happens to  rece iv e  th e  r e f le c te d  r ^ s  from 
an end p o r tio n  o f the  re f le c to r#  the  r e f le c to r  p ro f i le  must be continued 
fu rth e r#  enough to  complete the  r e f le c t io n  of a l l  hoat ray s due to  th a t  
po in t from th e  h e a tin g  e lem ent. The second e f f e c t# however# i s  
e lim inated  in  composite r e f l e c to r s # which w i l l  be d iscussed  l a t e r  and 
th e i r  t o s t  r e s u l t s  should show how im portant i s  th i s  e f fe c t  of the s ia e  
of th e  h ea tin g  element # These r e s u l ts  com pletely cancel out idea  
of u sin g  th e  s in g le  d i r e c t  ray  r e f l e c t o r .  HoT/ever# l a t e r  on# when an 
a n a ly tic a l  %nethod of te s t in g  a r e f le c to r  was developed (appendix#*B ) , tho 
s in g le  d ire c t  ray  r e f le c to r  o f design  d a ta  given in  ta b le  4.0.B  was a lso  
te s te d *  R esu lts  of th e  te a t#  along w ith  th a t  o f o th e r s ,  a re  given in  
se c tio n  4 .7 .
Oonveotion lo ss  In  a i r  during tho p re lim inary  te s ts #  m anufacturing 
e r ro r  in  r e f le c to r  p r o f i le ,  and r e f le c t io n  in  improper d ire c tio n s  due to  
undulated r e f le c to r  su rface  must a lso  have c o n trib u ted  toward the  f a i lu r e  
o f th i s  r e f le c to r  to  produce high in te n s i ty  of h ea tin g  a t  th e  hot ond of 
the  plane o f i r r a d ia t io n .
?4
4*6 COMPOSITE WLB0T0R8
L w # 'tKum*Wii#%miiWiiiiimi#iii#i,m ,    inmiiwiiiHBww»tM ij*yw * iniii<Ki*<ffii an
4«0.X . Design and D e v e l o p m e n t In  the development of a composite 
r e f  lo o to r , an im portant p o in t to  be oonaiderod i s  th a t  th e  ho t end of 
th e  p ia n o ,o f  i r r a d ia t io n  does not rooeivo rays from th a t  reg io n  o f th e
fc4,
r e f le c to r  whose r e f  loo ted  raye ere incepted  by the  h e a tin g  element*
The d i f f e r e n t i a l  equations governing th e  shape of th e  r e f le c to r  do 
not 'take  in to  account th e  in te ro e p tio n  of th e  r e f le c te d  roÿ-B by th e  
filam en t and henoo t h i s , could only be done by drawing th e  ro f lo o to r  
p ro f i le  w ith  h ea tin g  element in  p o s it io n , a f t e r  i t  has been designed 
and th en  t ra c in g  th e  r e f le c te d  rays to  oheok th e  in te rce p tio n *
Ih e th e r  tho ro f lo o to r  p ro f i le  i s  s ta r te d  in  the  f i r s t  quadrant 
0^ in  th e  fo u rth  quadran t, g en e ra lly  the  value o f comes to  about 
180® and because th e  rad iu s  of the r e f le c to r  in  th a t  reg io n  i s  sm all, 
th e  re f le c te d  rays bound fo r the  hot end reg ion  a re  u su a lly  in te rcep ted*
To s h i f t  th e  value o f 6^ to  th e  desired  d irec tio n #  a c a re fu l 
study was mado o f th e  e f f e c ts  of v a r ia t io n  o f Z p ,  So » Eind %  on <9^ * 
R esu lts  a f te r  r e s u l t s  o f design  d a ta  were taken  on computerg r e f le c to r  
p ro f i le s  were drawn w ith  the  h ea tin g  element in  p o s it io n  and tho  re f le c te d  
rays were traced*  The p rocess was repeated  again  a«d again# each time 
a f t e r  modifying the values o f , 5^ and to  improve th e  r e s u l ts  in  
the  next run*
Since i t  ?/as decided to  use 6 inch loîig model of the conducting 
sk in , core was tak en  to  see th a t  s ix  inch long plane of I r r a d ia t io n  was 
obtained*
7 5






0 .0 0 7 4
0 ,2 1
■*0,80
= - 1 .7 5  
= 0 .1 8 0
s c a le  = 15 in c h e s
' (d e g r e e s ) r X s lo p e
90 0 ,2 1 0 0 -0 ,2 4 8 7 5 0 .5 8 2 1 4
96 0 .1 9 9 0 7 -0 .2 8 1 8 3 0 .6 1 3 3
102 0 .1 8 8 5 0 -0 ,3 2 0 1 7 0 .6 5 9 4
108 0 ,1 7 9 4 8 - 0 ,3 5 7 7 1 0 .7 0 5 6
114 0 .1 7 2 5 2 - 0 .3 9 4 3 1 0 .7 5 1 9
120 0 .1 6 6 5 8 -0 .4 3 0 1 8 0 .7 9 8 5
126 0 .1 6 2 1 0 - 0 .4 6 5 0 0 0 ,8 4 5 5
152 0 .1 5 8 7 4 -0 .4 9 8 7 7 0 .8 9 2 7
158 0 .15642 - 0 .5 3 1 4 1 0 ,9 4 0 4
144 Q .I5506 -0 ,y ô 2 8 1 0 .9 6 4 4
150 0 .1 5 4 6 2 -0 ,5 9 2 8 7 1 .0 3 7 2
156 0 .1 5 5 1 0 - 0 .6 2 1 4 8 1 ,0 8 6 4
162 0 .1 5 6 4 7 -0 ,6 4 8 5 3 1 .1 3 6 2
168 0 .1 5 8 7 8 - 0 ,6 7 3 8 7 1 ,1 8 6 7
174 0 .1 6 2 0 6 -0 .6 9 7 3 7 1 .2 3 7 9
180 0 .1 6 6 3 8 - 0 ,7 1 8 8 9 1 .2 8 9 8
186 0 ,1 7 1 8 2 -0 .7 3 8 2 7 1 .3 4 2 6
192 0 .1 7 8 5 2 -0 ,7 5 5 3 5 1 .3 9 6 3
198 0 .1 8 6 6 1 -0 ,7 6 9 9 7 1 .4 5 1 1
204 0 ,1 9 6 2 8 -0 .7 8 1 9 2 1 .5 0 7 0
210 0 .2 0 7 7 8 - 0 .7 9 1 0 4 1 .5 6 4 2
216 0 .2 2 1 3 9 - 0 . 7970a 1 ,6 2 2 9
222 0 .2 3 7 4 7 -0 .7 9 9 8 5 1 ,6 8 3 3
228 0 .2 5 6 4 4 - 0 ,7 9 9 0 7 1 ,7 4 5 5
254 0 .2 7 8 8 5 -0 ,7 9 4 4 7 1 ,8 1 0 2
240 0 .3 0 5 3 0 -0 .7 8 5 7 2 1 .8 7 7 5
246 0 .3 3 6 5 3 - 0 .7 7 2 4 4 1 .9 4 8 2
252 0 ,37355 - 0 .7 5 4 1 9 2 ,0 2 3 0
258 0 .4 1 6 6 5 -0 .7 3 0 4 2 2 ,1 0 2 8
264 0 ,4 6 7 2 4 - 0 ,7 0 0 4 1 2*1451
270 0 .5 2 5 7 5 -0 .6 6 3 2 2 2 ,2 8 3 8
276 0 .5 9 2 2 6 -0 .6 1 7 5 1 2 ,3 8 9 4
282 0 ,6 6 5 9 9 -0 .5 6 1 2 9 2 .5 0 9 0
288 0 ,7 4 4 8 6 - 0 .4 9 1 3 2 2 ,6 4 6 5
294 0 ,8 2 5 4 4 - 0 .4 0 1 6 8 2 ,8 0 4 8
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ÏABIiE 4 .6 .2 .
OOMPOaigB RBTOBQgQK (1 )
E xp erim ental g e a t  f o r  Heat D i s t r ib u t io n
% oo-^ordinate D i s t a n c e  froB i 
th e  h o t t e s t  
p o in t  ( in c h )
R e la t iv e  h e a t  
i n t e n s i t y  f o r  





- 5 * 0
-5*5
w6*0
- 6  #5
-7 * 0  
-7 * 5  





-1 0 * 5   ^
-*11.00 
-1 1 * 2 5  
-1 1 * 5 0  
—11* 60 
- 11*70 
—1 1 * 8 0  
- 11*90 
- 12*00 
- 1 2 .2 5  











3 .2 0  
2 * 7 0  
2*20 
1*70  
1 * 2 0  
0*7 0  
0 .4 5  
0 * 2 0 . 
0 * 1 0  
0 . 0  . 
- 0 . 1 0 :  
-0 * 2 0  
- 0 . 3 0  
-0 * 5 5  




0 * 3 4 4
0*369
0.389




















She h o t t e s t  






















4*6*8 C o n s tru c tio n  and t o s t ; *  The r e f l e c t o r  %vith th e  d es ig n  d a ta  g iven  
in  ta b le  4 ,6 .1  mis mado end te s te d *  To make th e  r e f l e c t o r ,  th e  p ro cess  o f 
c o n s tru c tio n  o u tl in e d  in  s e c t io n  4,6*2 was fo llo w ed . U sing the.G ordon’ s 
type  rad io m ete r ( s e c t io n  6*4) and fo llo w in g  th e  same p rocedure  as  f o r  s in g le  
r e f l e c to r s  (se o tio n  4 ,6*3), i t  was then te s te d *  The r e s u l t s  e re  given In  
ta b le  4*6*2 and p lo t te d  in  f ig u re  4*6,1*
As ex p ec ted , th e  com posite r e f l e c t o r  gave much h ig h e r  in t e n s i ty  
o f h e a tin g  a t  th e  h o t end o f th e  i r r a d ia t e d  p lane th a n  th e  s in g le  r e f l e c to r s .  
However, i t  s t i l l  d id  n o t p rov ide  h ig h  enough in te n s i ty  o f h e a t in g  a t  th e  
ho t ond to  meet th e  requ irem en t o f th e  p re se n t problem .
In  o rd er to  improve th e  h e a tin g  a t  the h o t end f u r th e r ,  i t  was 
though t to  m an ipu la te  th e  v a lu e s  o f  in  such a vmy th a t  the p o in t
o f in c id en ce  o f r e f l e c te d  ra y  correspond ing  to  f e l l  in  th e  re g io n  o f  ho t 
OM and moved tow ards th e  h o t t e s t  p o in t  f i r s t  aa th e  r e f l e c t o r  p r o f i l e  was 
t ra c e d  w ith  th e  p o s i t iv e  value  o f d-9 and th e n  t ra c e d  back up t o  th e  f u l l  
range o f th e  plan© o f i r r a d i a t i o n .  Based on t h i s  id e a ,  a r e f l e c t o r  was 
d es ig n ed , made end te s te d *  The d es ig n  d a ta  a re  g iven  in  t a b le  4,6*3* The 
esïperim ental t e s t  r e s u l tb  a re  g iven  in  ta b le  4*6*4 and p lo t te d  l a  f ig u re  
4 * 6 ,2 , From th e  f ig u r e ,  i t  i s  e v id e n t t h a t  h e a t i n t e n s i ty  a t  th e  ho t end 
has improved f u r t h e r ,  b u t s t i l l  i t  i s  not emoügh to  se rv e  th e  purpose o f 
t h i s  problem .
4 ,7  âMALYTIOAL TEST OF HMT DXSTHXBUTXQI GIVBI 
BY . A  RBF180TÜR
In th e  p re lim in a ry  tests of th e  r a f l e c to r s  designed  w ith  th e  
h e lp  o f  oompute.r and made w ith  an average accuracy  in th e  w orkshop, many
gABLH 4 .6 * 3
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OOMPOSim RBFItBOTOR (2 ) DESIGN DATA
P a r a m e te r s
00  =3
d e  -
90
0 * 0 0 9 5 1 0 4 1 6
r g  ^  0 ,3 0 0  
K « 0 ,3 0 0
So  =, « 0 .7 5 0 0
S3 0 ,0 6
S o a le  S3 12 in o h e e
0  ( d e g r e e s ) r % s lo p (
90 0 .3 0 0 0 - 0 .4 6 6 3 0 .4 5 8 5
100 0 .2 7 7 3 - 0 .4 7 8 8 0 .5 6 1 5
1 1 0 0 .2 6 0 2 - 0 .4 8 8 6 0 .6 6 3 7
120 0 .2 4 7 5 - 0 .4 9 5 4 0 .7 6 5 5
130 0 .2 3 8 7 - 0 .4 9 9 2 0 .8 6 7 5
140 0 .2 3 3 1 —0 * 4 9 9 9 0 .9 6 9 8
150 0 .2 3 0 6 - 0 .4 9 7 2 1 .0 7 3 0
160 0 ,2 3 1 0 - 0 .4 9 1 1 1 .1 7 7 2
170 0 .2 3 4 2 - 0 .4 8 1 3 1 .2 8 3 0
180 0 .2 4 0 4 - 0 .4 6 7 6 1*3905
190 0 * 2 4 9 6 « 0 .4 4 9 8 1 * 4 7 8 2
200 0 ,2 6 2 3 - 0 .4 2 7 6 1 .6 1 3 0
210 0 .2 7 8 8 - 0 .4 0 0 5 1 ,7 2 8 9
220 0 .2 9 9 7 - 0 .3 6 8 2 1 .8 4 9 0
230 0.3258 - 0 .3 3 0 0 1 .9 7 3 9
240 0 .3 5 7 7 - 0 .2 8 5 3 2 .1 0 4 8
250 0 .3 9 6 4 - 0 .2 3 3 1 2 .2 4 2 7
260 0 .4 4 2 8 - 0 ,1 7 2 5 2,3889
270 0 .4 9 7 5 - 0 .1 0 2 3 2 .5 4 4 4
280 0 .5 6 1 0 - 0 .0 2 0 9 2 .7 0 9 6
290 0 .6 3 3 3 + 0 .0 7 9 0 2,8838
300 0 ,7 1 4 4 0 .1 7 9 9 3 .0 6 4 5
ÎABIE 4 . 6 . 4
OOMPOSÏÏB REMEOTOR (2 )
E xpérim ental T est  f o r  Heat D i s t r ib u t io n
I II#"mmi MTin . iP i r - M i im  «m#!' twg,pj ..mwnwM» ni'«n * f '»i*t)Jmnm>Mit»tT.'wriii»iwjalii,y<»^Pww. p *iWm Wiih iw ****
8 0
x -c û -o r d in a te D is ta n c e  from th e  
h o t t e s t  p o in t
R e la t iv e  h e a t  
i n t e n s i t y  fo r  
b e s t  f i t
Remarks
2 ,0 0 7 .8 0 0 .0 2 2
1 ,5 0 7 .5 0 0 .2 5 1
1 ,0 0 6 ,8 0 0 .2 6 2
0 ,5 0 6 .5 0 0 ,6 3 4
0 ,0 5 ,8 0 0 ,4 9 1
- 0 . 5 5 .5 0 0 .4 6 4
—1 ,0 4 .8 0 0 .4 6 7
-1 * 5 4 .5 0 0 ,4 8 9
- 2 , 0 3 .8 0 0 .5 2 1
- 2 , 5 3 ,5 0 0 ,6 2 1
- 5 , 0 2 .8 0 0 ,7 5 6
- 5 . 5 2 ,3 0 0 ,6 1 7
—4 ,0 1 .8 0 0 .6 0 0
—4 ,5 1 .5 0 0 ,6 9 2
- 5 , 0 0 .8 0 . 1 .2 4 7
- 5 .2 5 0 ,5 5 1 .4 5 5
- 5 ,4 0 0 .4 0 1 ,5 0 7
- 5 ,5 0 0 .3 0 1 ,5 1 8
- 5 , 6 0 0 .2 0 1 ,5 4 6
- 5 .7 0 0 .1 0 1 ,5 8 6
- 5 ,8 0 0 ,0 1 .5 9 5
- 5 .9 0 - 0 , 1 0 1 .5 8 5
- 6 ,0 0 - 0 , 2 0 1 .4 9 5
- 6 ,2 5 - 0 .4 5 1 .1 8 3
- 6 ,5 0 - 0 , 7 0 0 ,7 1 4
- 7 .0 0 - 1 , 2 0 0 .3 1 4



































fa o to ra  oroppod vdiieh reader©d i t  d i f f i c u l t  to  a s se s s  th e  t r u e  perform ance 
o f r e f l e c t o r s ,  These f a c to r s  wereg*#
(1 ) M anufacturim g error in  th e  r e f l e c to r
(g ) R e f le c t io n  in  bxi im proper d i r e c t io n  due to  th e  u n d u la ted  su rfa c e  o f
th e  r e f l e c t o r  
'( S )  .In te r fe re n c e  by th e  co n v ec tio n  o f a i r ,  and 
(&) Inadequacy o f th e  rad io m e te r to  meaoure th e  heat in t e n s i ty  a t  d i f f e r e n t  
p o in ts  on the p lan e  o f i r r a d i a t i o n »
In  o rd e r  to  e l im in a te  th e  in flu e n c e  o f th e s e  factors, an a n a ly t ic a l  
method to  f in d  th e  h e a t i n t e n s i ty  a t  a p o in t on a p lan e  o f i r r a d i a t i o n  o f a 
r e f l e c to r  was developed (appendix  B) u s in g  t h i s  m ethod| th e  h e a t  in te n s i ty  
a t  v a rio u s  p o in ts  from  on© end to  an o th e r on th e  p lan e  o f  i r r a d i a t i o n  can b© 
determined and p lo tte d *  A curve p a ss in g  th rough  them , th e n ,  r e p re s e n ts  th e  
h o a t d i s t r i b u t io n  g iven  by th a t  r e f le c to r *  T his m ethod, o f  c o u rse , assumes 
hundred per c e n t aooui'aoy in  th e  r e f l e c t o r  p r o f i l e  and th e  r e f l e c t i v i t y  In  
th e  r ig h t  d ire c t io n *
B sing e q u a tio n s  (B -?) and (B -9 ), th e  s in g le  r e f l e c t o r  o f  d es ig n  
d a ta  g iven in  t a b le  4*8,8  and th e  com posite r e f l e c t o r  o f  d es ig n  d a ta  g iven  
in  ta b le  4,6,1 wore tested on th e  coxnputer, T est r e s u l t s  ei-© g iven  in  
ta b le s  4,7,1 and 4,7*8 and p lo t te d  i n  f ig u re s  4,7.1 and 4*6*1 respectively,
4*6,1  Besign# Development and T est o f M ulti*eurve R e fle c to rsg «  A n a ly tic a l
t e s t s  g iven  in  ta b le s  4 ,7*1 to  4,7*8 have l e f t  no doubt t h a t  p r a c t i c a l ly  
l i t t l e  can be done to  improve f u r th e r  th e  in te n s i ty  o f h e a tin g  a t  th e  ho t
83
Tmm, 4 * 7 * 1 .
SimiÆ DIRECT RAY REFDEGTOR
A ia ly tlc a l T est R esu lts
l  i ^wx«ar.iiWBCTiygf*rjyftiA«.Tj
X -  oO“<o:cdimte o f the
C5
D istance from the 
h o t te s t  p o in t
Roii-dimon^^ 
s io n a l
Inches
h o t te s t  p o in t on the plane o f i r r a d ia t io n  
0*20 (mom'^dimensional) 
o r 4*33 inches#
Arcs o f filam en t
i r r a d ia t in g  the  
po in t (degrees) 
from « to
iT*iw»y*Mf»5 «tïee*?y
' T otal a rc s  
o f f ilam en t 
i r r a d ia t in g
I the p o in t 
I (degrees)
rr-AORîWO^Vt^eW»
R ela tiv e
h e a t
in te n s i ty  
to  give 
the b e s t
'tî






Z 3r 25 ;-; I
!
0*625 1
"0*04 - 0.60 270
223
233's
22] / 38 1 0*93 i











57 ; 1*423 ^




263 62 1.55  1
1 203 1
1 0,01 0*13 263 261 \ 
247 < 
201 /
1 237 - 30 1,451 243






241 < 34 1.35
239 t= i 197 ■'




235 < 49 1,225
233 195 >
0*04 0*60 239 236 \
230 169 < 46 1.15
187 m 185 ^
1# G oïitim ied
8 k
3)is’baaoe from  tlie  
h o t t e s t  p o in t
j ïfon^dim en'
: s io n a l
I
In ch e s
A rea o f  f i l a m e n t  
i r r a d i a t i n g  th e  
p o in t  ( d e g re e s )  
from  -  to
jw rvii»
T o ta l  a r c s  R e la t iv e  
o f  f i l a m e n t  h e a t  
i r r a d i a t i n g  i n t e n s i t y  
th e  p o in t  to  g iv e  
(d e g re e s )  i th e  b e s t  
i f i t




@.11 1 .63 200
193




0 .2 0 3 .00 163 157 )154 138
0 .3 1 4 .6 3 125 f t , 113 )111 « 110











OOi^ IPOSITE REFLEGTOR ( l )
   . Teat Resul t s
X -  eo rd ina te  o f the h o t te s t  p o in t on the  plmie o f i r r a d ia t io n  
«• 0*78 (non-ciiinenE)ional) o r -11*70 inches
D istance from the 
h o t te s t  po in t
non™ 
dim ensional
BÎÎSW^ STrt'etsifSrin^^ Fi-ttlxshSAXief t^ii^ ittM^ lWeyiiÿHfl
Inches
i" #*" i w^ TKRwF*K%BaMKawizi
Arcs o f the  
filam en t 
I r r a d ia t in g
the po in t 
I (degrees’),,
I from -  to
T otal a rc s  
o f filaa ien t 
irra d ia tin g ; 
# 0  p o in t 
(degrees)
R e la tive
h e a t
in te n s i ty  
fo r  the  
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©ad of th© plan© of ir ra d ia tio n *  On one handg a lin o  eouroo of heating  ?jae 
id e a l to  give a d esired  hea t d is t r ib u t io n  ourve^ in co rp o ra tin g  a high in te n s i ty  
of heating  a t th e  hot end of the  p3.an0f on th e  o ther hand a f i n i t e  a im  o f the
h ea tin g  element was necessary  to  o b ta in  a s u f f ic ie n t  h ea t energy* The l a t t e r
dev ia ted  a g roat deal from th e  id e a l case and produced a much reduced heat 
in te n s i ty  a t  th e  hot end. This i s  due to  the  fa c t  th a t  any beam of rays *
say 0^ Og (f ig u re  B -l)  from a f i n i t e  siKo h ea tin g  e lem ent, a f te r  being
re f le c te d  by a p o in t on the  re f le c to r^  s t r ik e s  a reg io n  Pg (fig u re  B**l) on 
th e  plane, of i r r a d ia t io n  (mid not a po in t ) , thu s causing th e  h ea t of the  beam 
to  spread over a c e r ta in  region* For a s in g le  curve r e f l e c to r , there fo re*  
i t  beeomos im possible to  b u ild  up a very  high heat in te n s i ty ,  which is  
req u ired  a t  th e  hot end of th e  plane of ir ra d ia t io n *
In order to  improve the  s itu a tio n ^  a fu r th e r  s tep  of designing  a 
m u lti-cu rve  r e f le c to r  was taken  up# To do i t*  th e  value of param eters in  
equations (4 .8*10), (4*2.11 ) and (A*10) a t  the  d if f e r e n t  s tag es  of the  
r e f le c to r  p ro f i le  had to  be co n tro lle d  p re c ise ly  so th a t  th e  major p a rt of 
th e  r e f le c to r  p ro f i le  r e f le c te d  th e  h ea t ra y s , to  th e  hot end reg io n .
R e flec to r thus designed had to  be sub jec ted  to  th e  a n a ly tic a l  t e s t  on the 
computer, using  equations (B-7) and (B-»0), mû tho  h ea t d is t r ib u t io n  p lo tte d  
on a graph. The h ea t d is t r ib u t io n  curve when dr aim* may not look very even 
and so i t  has to  bo improved by rep ea tin g  the  procedure o f designing th e  
r e f le c to r  again  on computer w ith  improved values of th e  param eters* The 
procedure has to  be r e i te r a te d  a number of tim es, t i l l  a deaired  smooth 
curve of hea t d is t r ib u t io n  i s  obtained* Following t h i s  procedure, and a f te r  
designing and a n a ly tic a l ly  t e s t in g  more than  a doaen of re f le c to rs *  the  f in a l
8 7
reflector w ith  as many as seven c o n s t i tu e n t  ourvos was aoeepted, The d es ig n
param eters  and d a ta  a re  g iven  in  t a b le  4 ,8*1  and th e  r e f l e c t o r  i s  shown in  
f ig u re  0 ,2 ,4 *  The a n a ly t ic a l  t e a t  r e s u l t s  a re  g iven  in  ta b le  4*8*8 and 
p lo t te d  in  f ig u re  4*8*1*
The r e f l e c t o r  made fo llo w in g  th e  p rocedure  o u tl in e d  in  s e c t io n  
4,[5*8, was t e s t e d  e^ îperim ontally  u s in g  a re c ta n g u la r  f o i l  rad io m ete r ( s e c t io n  
6*4)* The t o s t  r e s u l t s  a re  g iven  in  t a b le  4*8,6 and p lo t te d  in  f ig u re  4*8*1*
4 *8*8 D iscusB ion o f  R e s u l t s g- F ig u re  4 ,8 ,1  shcms th a t  th e  m u lti-cu rv e
r e f l e c t  or produced a much h ig h e r  in t e n s i t y  of h e a tin g  a t  th e  hot end of th e
p lan e  of i r r a d i a t i o n  and hence has co n s id e rab ly  improved th e  h e a tin g  requ irem ent*
The a n a ly t ic a l  t e s t  of t h i s  r e f l e c t o r  shows th a t  h e a t d ie tr ib u tio x i  curve fo llo w s 
th e  id e a l  h e a t  d i s t r i b u t i o n  curve up to  as near as  in ch  from th e  lo ad in g  edge* 
T his can be assim od to  be q u ite  s a t i s f a c to r y  to  r e p re s e n t  th e  a c tu a l  h e a tin g  a t
ppth e  n o ee , in  view o f  th e  comments made In s e c tio n  1*4, e s p e c ia l ly  o f  lo n w e ilo r  
t h a t  th e  aerodynamic h e a tin g  becomes in v e rs e ly  p ro p o r t io n a l  to  th e  square ro o t 
o f  th e  nose ra d iu s  *
The oscparimoBtal t e s t  va lu e  o f  th e  h e a t i n t e n s i t y  a t  th e  h o t end o f 
th e  p lane  of i r r a d i a t i o n  i s  mich lower th a n  th e  a n a ly t i c a l  t o s t  value# T his 
is due to  th e  m anufactu ring  e r ro r  in  th e  r e f l e c t o r .  In te r f e re n c e  by oonvootion  
o f  a i r ,  and u n s u i t a b i l i t y  o f  th e  rad io m e te r u se d . B es id es , in  th e  a n a ly t ic a l  
t e s t  on th e  com puter, th e  term  in v o lv in g  th e  d i r e c t  radiation whs n e g le c te d  
and hence th e  t e s t  gave a b i t  h ig h e r  h e a t in te n s i ty  everyw here,
i\ c o n s id e ra b le  amount o f  h e a t lo s t  beyond th e  p lan e  o f  i r r a d i a t i o n  
occupied by th e  model i s  a  clraivbaok o f t h i s  type  o f r e f l e c t o r , b u t i t  should  
n o t be overlooked t h a t  t h i s  s o r t  o f h e a t  lo s s  i s  in o u rro d  1% th e  s in g le  as




P a ra m e te rsâ ■
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DBSIGR DATA
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ho ^ 0 .30000
%. <-0*5271
5p =3 "0*X00
L, « 0 ,250
X, ~ 0.234667726  
= - 0 ,5699
« 0,205568279
Zt, « -0 .6 0 0 0
So = -0 ,0 0 1 0
,li d 0 ,0001
■%uravwïM^:r>**éAa-*idit*»v#«*ui(*M*i.M<>i(ïlA£nuaÿn<fcirM»a«.'Wie£a>£»«g.Ydsw
s, 0 .001c? sa «»
1, 0*0001
il . ill IJI*3#K:A#W*fjK*jM*'AWRa*
Ao = 0,160544118
Z, = -0 ,6 1 8 0
A. = 0,158795756
z , = -.0.6250







== 0.131970929  










A  = 0.132789322  








 . . . .  . . . .,yy.,- . . . . . . ------M.» ,^ 0  |V t ^  l «« tï'*
45 0*3000 "0*5261 0,0168
46 0.2947 -0*5254 0*0276
48 0.2845 -0,5265 0,0435
50 0*2749 "0*5270 0.0711
52 0*2659 - 0*5270 0,0928
54 0*2574 -0*5265 0*11447
56 0*2494 "0*5253 O4I3624
58 0*2418 -0*5233 0*15808
60 0*2547 —0 * 5699 0,16393
62 0*2282 "0*5699 0*18481
64 0*2219 -0*5699 0*20538
66 0.2161 "0*5699 0,22626
68 0*2106 -0*5699 0*2460
70 0*2054 "0*6000 0*2578
72 0*2005 -0*6000 0*2731
74 0*1959 -0*6000 0*2984
76 0*1916 - 0*6000 0*3186
78 0*1875 -0.6000 0*3387
80 0*1836 «0*6000 0*3588
82 0*1799 -0*6000 0*3788
84 0*1764 - 0*6000 0*3987
06 0*1731 -0*6000 0,4136
88 0*1700 -0*6000 0*4334
90 0*1671 -0*6000 0*4532
92 0*1643 -0*6000 0*4730
94 0*1616 -0*6000 0*4977
95 0*1603 -0*6180 0*5019
96 0*1591 -0,6180 0.5117
98 0*1568 -0,6180 0,5313
100 0*1546 -0*6180 0 .5509
102 0*1525 -0,6X80 0,5704
104 0*1506 -0,6X80 0*5900
106 0,1488 "0,6180 O.6094
108 0*1470 «0,6180 0.6289
110 0,1454 «0,6180 0.6433
112 0*1439 -0,6180 0.6677
114 0,1425 00,6180 0,6871
116 0,1412 -0,6180 0,7064
113 0 ,1599 -0,6180 0,7253
9 0
K*i WMEMWw?# f —* :,
0 (degrees) Slope
120 0., 3.588 «0*6250 0.7429
122 O U 373 «0,6250 Q.7622
124 0 .1368 ..0*6250 0*7815
126 0...1359 - 0.6250 0*8008
128 0,1552 .-0,6250 0*8200
130 o i 1344 -0 .6 8 5 0 0*8393
132 O il336 - 0,16250 0*8585
134 0*1553 -0*6250 0*8778
136 0*1328 - 0*6250 0*8970
138 0*1524 - 0*6250 0*9162
140 0*1521 .-0*6250 0*9354
142 0*1310 - 0*6250 0*9546
144 '- 0*1316 - 0*6250 0*9738
145 0*1516 - 0*6240 0*9030
146 0*1315 - 0,6240 0*9934
148 0*1315 - 0.6240 1*0126
150 0*1515 - 0,6240 1*0318
152 0*1516 —0* 6240 1*0510
154 0*1518 - 0*6240 1*0710
156 0*1521 - 0*6240 1*0024
158 0*1324 -0*6240 1*1086
160 0*1328 - 0*01955 1*1278
16 2 0*1322 - 0*0354 1.5799
164 0*1316 - 0*0511 1*3925
166 0.1512 -0 ,0 6 6 7 1,4051
168 0.1309 -0 ,0 8 2 2 1,4177
170 0,1307 - 0.0976 1*4304
172 0*1306 .-0*1129 1*4432
174 0,1306 -0 ,1 2 8 1 1*4560
176 0*1307 -Q .I43I 1*4690
178 0,1309 -0*1581 1*4819
180 0*1512 . 0*1729 1*4950
182 0*1316 -0 ,1 8 7 6 1*5081
184 0.1321 -0*2022 1*5212
186 R& 327 - 0,2167 1.5345168 0.1334 - 0,2311 1,5478
190 0,1342 - 0,2453 1.5613192 0,1352 - 0*2594 1.5748
194 0 .1362 - 0.2733 1 .5884
196 0.1373 -0 ,2 8 7 1 1.6021
198 0,1386 -0 .3 0 0 8 1*6150200 0 ,1400 —0 ,3143 1 .6297202 0 .1415 - 0,3276 1.6437204 0,1438 -0 ,3 4 0 6 1.6578
206 Û.1450 -0 ,3 5 3 7 1,6720208 0,1469 - 0.3665 1,6864
9 1
0 (degrees) r x Slope
tekT*fcûtS«eae<i«Wit6
210 0,1490 "0.3791 1.7000
212 0.1512 -0.3914 1.7154
214 0.1337 -0.4036 1.7302
216 0.1562 - 0.4154 1.7451
218 0.1590 - 0.4271 1.7601
220 0.1619 "0.4384 1.7753
222 0.1631 - 0.4495 1.7907
224 0.1684 —0.4602 1*8062
226 0.1720 -0,4707 1.8220
228 0.1738 - 0 . 400a 1.8379
2go 0.1799 - 0*4905 1.6540
232 0.1842 -0.4998 1.8704
234 0.1688 -0.5080 1.8870
236 0.1930 - 0.3173 1.9038
238 0.1990 -0.5253 1*9209
240 0.2046 -0,5329 1.9383
242 0.2106 - 0*5400 1.9350
244 0.2169 - 0.5465 , 1.9740
246 0.2237 - 0.5524 1.9923
248 0.2309 -0.3378 2.0110
230 0.2386 -0.5625 2.0301
232 0.2468 -0.5665 2.0496
234 0.2336 -0.569a 2.0696
236 0.2649 -0.5724 2.0900
238 0.2749 -0.3741 2.1110
260 0.2856 - 0.5749 2.1325
262 0.2969 -0.5748 2.1347
264 0.3091 - 0.5738 2.1776
266 0.3220 -0.5716 2,2012
268 0.3356 - 0.5683 2.2257
270 0.3504 "O.5638 2.2511
272 0.3660 -0.5579 2,2776
274 0.3825 -O.55O5 2.3052
276 0.4001 -0.5415 2.3342
278 0.4186 "0.5306 2.3647
280 0.4382 -0.5177 2.3969
202 0.4587 -0,5025 2*4312
284 0.4802 "0.4846 2,4678
286 0.3026 - 0*4634 2.5073
288 0.5256 —0*4382 2i 550b
290 0.5493 "0,4080 2.5969
292 0.5732 - 0*3709 2*6490
294 0.5972 - 0*3231 2*7082




Analyt'Xca3. T est fo r  Heat B is tr ib u tio B
X « oo«ordxïiate o f the h o t te s t  po in t on the  plmie o f i r r a d ia t io n  
C3 »0*35 o r "8,80 inohee'
) <p ihw ia tKtî#fcattta
I D istance from 
; the h o t te s t  
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60 160 \ 
263"^238 «d
60 -a. 160 \
874^838






























T otal a rcs of 
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D istance from Aecs o f filam en t T otal a rc s  o f R e la tiv e  h ea t
the  h o t te s t i r r a d ia t in g  the filam en t In te n s ity  fo r
-point po in t i r r a d ia t in g the b ast f i t  1
(degrees) the  po in t





2.40 204 " 222 \ 19
299 "  300 /
0,23 4.00 189 "  203 16 0.33
o#35 3 .6o 176 — X9â 16 0*^ 33
0.40 6,40 170 -  183 13 0 .3
94
TABIiE 4 .0 ,3»
mLTi«omvE REPLEcmi:
r im e n ta l r e s u l t s  of th e  h e a t d i s t r ib u t io n
X -  co « o rd in a te  
( in ch )
D istance  from th e  
h o t t e s t  p o in t  
( in c h )
R e la tiv e  h e a t  
i n t e n s i ty  f o r  Remarks 






-6 .00 8.80 0.575
-6 .50  ' 2 ,30 0.737
-7 ,00 1,80 0.759
-7 .50 1.30 0.851
-8 ,00 o.go 1.064
-8 .25 0.55 1.509
- 8.50 0.30 2,287
-8 .60 0.20 2*440
- 8.70 0,10 2.675
—8.80 0 .0 2,815
- 8.90 -0*10 2.747
-9 ,00 -0 ,20 2.653
-9 .25 *0,45 2.283
“9.50 - 0.70 1.798
•10,00 -1 .20 1.387
•10.50 "1 ,^0 1,211
11.00 -2 .20 0,574
The h o t t e s t  
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5.1 In tro d u c tio n
D iffe re n t power ou tpu ts from the  h ea tin g  element w i l l  he requ ired  
so th a t  models o f the  conducting sk ins o f m a te ria ls  o f d if f e r e n t  therm al 
c o n d u c tiv itie s  can he te s te d . A rough estim ate  o f the  h ea tin g  r a te s  on the 
models in  se c tio n  5.5 showed th a t  power output from a 12 inch  long h ea tin g  
element should he up to  5*5 k .w a tts  fo r  a s t ip u la te d  nose tem perature o f 
SOO^ K (v ide se c tio n  5*4*5).
The h ea t ou tpu t from a h ea tin g  element can he ob tained  from the 
Stefan-Boltsm an law o f h ea t r a d ia tio n , namely,
P =» -  @2^) A . . . ( 5. 1.1)
where,
P = hea t output (W atts)
S « B m issiv ity  o f the element
C ^  S t tfc n  constan t
(5 .6?  X 10*^^ Watts p e r cm  ^ per ( \)" ^ ‘
A m Surface a re a  o f the element (sq.cm .)
Temperature o f the element (^K)
Tg=s Temperature o f the  environment (^K)
In  the  p resen t case , the  co n tr ib u tio n  by i s  very  sm all compared to  
th a t  o f and may he ignored . For a working tem perature o f ISOO^K 
andEi^a 0 .7  o f th e  h e a tin g  elem ent, i t s  minimum diam eter f o r  a  12 inch  
len g th  comes to  about J  inch  in  o rder to  produce the  estim ated  5 k.w . hea t 
energy. This renders i t  u n su itab le  to  use any so lid  rod o r a tube of any
9 7
m etal o r a llo y  as h ea tin g  element s ince  the  e le c t r i c a l  ré e ls ta n c e  w ill
he very small# A h e l ic a l ly  womd f in e  w ire filam en t supported on a  rod
o f a  ou ita b le  m a te ria l i s  a  probable choice#
5.2 BÏÏPPORT ROB 
5#2#1 le c ee sa ry  o h a ra o te r ie t lc s  of the  support rod material 
'Big fo llow ing  a re  the p h y s ic a l* chemical and e le c tro n ic  
cha3?aoterl8tics req u ired  o f the m ate ria l o f the support rod :*
(a ) A bad conductor o f e le c t r i o i t y ;  un less in su la te d  from
the  h e a tin g  filam en t by some o th er means #
(b) very  low vapour p ressu res a t  high tem peratures#
(o) a  h i ^  creep  s tre n g th  a t  a  tem perature o f a p p lic a tio n  
o f about 1500°G#
(d) a  h igh  EB lting point#
(e) a  low e le c tro n  em ission a t  the higîi tem perature o f
app lica tion#
and ( f )  no chemical re a c tio n  wltli tîie m ate ria l o f the h ea tin g  
filam ent#
5 .2 .2  A d e ta ile d  survey o f "klie h i #  tem perature m a te r ia ls
A d e ta ile d  study of the p ro p e rtie s  of h i^ i  tem perature m a te ria ls  
was imdertolcen. ‘Bie c o lle c te d  d a ta  on these  p ro p e rtie s  a re  g iven in  
ta b le  5.2#1* M e ta llic  rods could no t be used d i r e c t ly  to  support the  
h ea tin g  f ilam en t because o f th e i r  good e le c t r i c a l  conductiv ity# Cerémies 
a re  the  obvious choice#
Amongst the  re f ra c to ry  oxides ; except Alumina and oxides o f 
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o th ers  have m elting  p o in ts  lower than 2000^0 and hence they  a re  not 
s u ita b le  fo r  th is  app lica tion*  Beryllium oxide i s  no t used g en e ra lly  
because o f i t s  h e a lth  hazards* Calcium and chromium oxides have not been 
developed to  be used a.lone as ceram ics, but they c o n s t itu te  c e r ta in  
percentages in  d if f e r e n t  ceramic bodies* Uranium oxide a lso  i s  no t used 
fo r  general purpose* P ro h ib itiv e ly  high co st o f some o f these  oxides 
stands in  the way o f th e i r  general a p p lic a tio n .
Alimlnium, Magnesium and Zirconium oxides form the most general 
purpose ceramics* Magnesium and Zirconium oxides have h igher working 
tem peratures o f 2300^0 compared to  1900^0 o f Alumina, bu t they  have 
le s s  m echanical s tre n g th  a t  h igh  tem peratures, much lower e le c t r i c a l  
re s is ta n c e  and lower therm al co n d u c tiv ity . Their behaviour in  high vacuum
in  su rface  to  su rface  con tac t w ith  re f ra c to ry  m etals which might have to
33be used fo r  h ea tin g  fila m e n t, i s  no t very  w ell loiown. Johnson * found th a t
Zirconium oxide becomes u n stab le  in  vacuum in  con tac t w ith  tungsten  a t
1600°C. '
Alumina does no t re a c t  w ith  any o f the r e f ra c to ry  o r platinum
group m etals up to  a  tem perature o f 1750^0. I t s  te n s i le  s tre n g th  goes
29on improving w ith  percentage o f p u r i ty .  But the  p u r i ty  o f most o f the 
commercial alumina products does no t go beyond 99^. The B egussit Alumina 
(AL'gO^  >  99*5A  supp lied  by M essrs. Bush Beach and Segner Bayley L td ., 
was found to  be the  p u re s t and hence i t  was used.
In  o rder to  reduce the sagging o f the h ea tin g  element to  a  minimum, the 
filam en t support rod must have a high mechanical s tre n g th  and creep p roperty  
a t  the h igh  tem perature of app lica tion*  The f ig u re  5*2*1 shows the u ltim ate  
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RIO.5*2*2*. S tr ess-R u p tu re  p r o p e r t ie s  o f  T ungsten  and 
2;^ Th02-T u n g sten  ro d sj[r e f *?0)
1 0 3
TimgetQE and tv/o p a r a e n t  t h o r i a t e d  f u n g s ta n ,  a t  d i f f e r e n t  te m p e ra tu re  s .
As ehoi'ïîa i n  t h i s  f i g u r e ,  A lum ina m a in ta in s  a  good s t r e n g t h  up  t o  10Ü0°C, 
b u t  above t h a t ,  t h e r e  l a  a  r a p id  d ro p  o f  i t s  s t r e n g th *  T h is  r e a d e r s  
i t " u n s u i t a b l e  f o r  i t s  a p p l i c a t i o n  t o  s u p p o r t  th e  b o a t in g  f i la m e n t#
T h o r ia te d  tu n g s te n s  h av e  h ig h e r  s t r e n g t h s  a t ' h ig h  tem pos’a t u r e a  th a n  
an y  o f  th e  u n a l lo y e d  r e f r a c t o r y  m e t a l s .  F ig u re  6 .8 ,8  r e p ro d u c e d  from  
S e l l ’ a^ ^  p h y s i c a l  m e ta l lu r g y  o f  T u n g s te n  miû T u n g s te n  b a s e  a l l o y s  sïiowa 
th e  c r e e p  p r o p e r t i e s  o f  t h o r i a t e d  T u n g s te n  a g a i n s t  t h a t  o f  t h e  p u re  
T u n g s te n ,
F in a lly , B egussit Alumina tub© (AlgO^ >  99 .6^) é  mm# ou tside  
dia* % 3 ma. in s id e  d ia ,  threaded w ith  a ground E.8 mm, d ia s ie te r , 
th o r ia te d  Tungsten rod was used to  support th e  f i la m e n t. There was 
no danger o f th e  alwaina tub© breaking  a t  high tem peratures due to  
d if f e r e n t  therm al expansions o f rod and th e  tube* The c o e f f ic ie n t  of 
therm al esti^ansions or© 5*8 x 10"^ per and T*7 % 10"^ per ^0 o f Tungsten 
and Alumina re sp o o tiv e ly  up to  1000^0,
8,3 HgATlM FIWamT imBïiUlB
H igh  w o rk in g  te m p e r a tu r e ,  h ig h  t o t a l  r a d i a n t  © m is s iv i ty  and  low 
v ap o u r p r e s s u r e  a r e  t h e  m ain  p i iy s i e a l  p r o p e r t i e s  r e q u i r e d  f o r  the m a t e r i a l  
o f  t h e  h e a t i n g  f i l a m e n t*  A good d u c t i l i t y  f o r  e a s y  c o i l i n g  and  a n  a v e ra g e  
e l e c t r i c a l  c o n d u c t iv i t y  a r e  a l s o  n e c e s s a r y .  I t  i s  a b s o l u t e l y  e s s e n t i a l  
t o  h av e  no c h e m ic a l r e a c t i o n  w i th  t h e  a lu m in a  tub©  a t  h ig h  te m p e ra tu r e s  
i n  h ig h  vacuo*  A bsence o f , o r  a t  l e a s t  a  minimum o f  e l e c t r o n i c  phenom ena, 
su o h  a s  e le o tro n -e m is s iO B  e t c ,  a r e  a l s o  d e s i r a b l e *
ï o k
From ta b le  618,1 i t  i s  ©vidont th a t  almost a l l  unoxid isad  m etals 
or th e i r  uaoxldiaed a llo y s  have poor em iss lv ity  and hence to  produce th e  
requ ired  amount of h e a t , the  filam en t has to  work a t  a  mUch h igher 
tem pera tu re . But th e  tem perature can not be allowed to  go above ISOO^C 
because of l i a b i l i t y  o f sagging of th e  filam en t support-rod* Even fo r  
working a t  t h i s  le v e l  of tem peratures only  a few m etals are  a v a ila b le , via# 
P latinum , Bhenium, Molybdenum, Iloblum , Tantalum and Tungsten#
Besides th e  h igh  c o s t .  Platinum  and Mienium have th e  disadvantage 
of -lower e m iss iv ity  and h igher vapour presBure a t high tem peratures then  
th a t  o f re f ra c to ry  sBCtals* T heir v o la t i le  oxide fo rm ation  i s  another 
d isadvan tage #
Molybdenuîv I s  cheapest In  the  re f ra c to ry  m etal group and i s  more 
d u c ti le  th an  Tungsten, Moreover, Molybdenum oxides evaporate out in  h igh 
vacuum a t  about 10#^0  # I t s  evaporation  r a te s  a t  h igh  tem peratures are 
much h igher than  th a t  o f Tungsten and Tantalum#
Tantalmm compares iVith Tungsten In  e ra iss iv ity  and vapour p ressu re  
but i t s  very  high  c o st i s  a disadvantage* The oxides o f tan talum  are  more 
s tab le#  They decompose or v o la t i l i a e  a t  a tem perature le v e l of 1700 to  
1800% compared to  1300% of tungsten^ '^ . Even a f te r  long h e a tin g , end in  
S p ite  of r e c r y s ta l l i s a t io n ,  no b r i t t l e n e s s  occurs w ith  tan talum  as w ith  
molybdenum and tu n g sten ^ ^ . But in  hydrogen, oxygen, n itro g e n  or carbon*
con ta in ing  atm ospheres, gas ab so rp tio n  mâ  chemical re a c tio n s  begin  ivith 
form ation of h y d ride , ox ide, n i t r id e  or ca rb id e , causing  immediate 
b r i t t l e n e s s  which can not bo removed * or a t le a s t  only p a r t ia l ly #  Only
hydride form ation  i s  re v e rs ib le  so th a t  tan talum  rendered b r i t t l e  by 
hydrogen, can bo Boftened again  by h ea tin g  in  h igh vacuum^®#
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Qkmgsten, w ith  i t s  very  high  m elting  po in t o f about 3400^0, 
low vapour pr'essuros bud good maoîianioaî s tre n g th s  a t  high tom poratiiros, 
appears s u ita b le  fo r  I t s  a p p lic a tio n  a t  h igh tem peratures in  high vacuo#
The high tem p éra tu re 'e m is s lv ity  o f unoxidised tu n g sten  a leo  i s  h igher 
than  th a t  o f any o th e r re f ra c to ry  m etals or o th er hig^ï tem perature 
m a te ria ls  such as h io W l,' Chromium or P latinum , But tu n g sten  i s  much 
mor© d i f f i c u l t  to  work th an  molybdenum or tan ta lum .
So f a r  ah  o le o tr io a l  r e s is ta n c e  is  oonoemed, a l l  r e f ra c to ry  
m etals have poor r e s is ta n c e  compared to  the oonventioim l he a t  ing*e lame n t 
m a te ria ls  such as  n ic k e l ,  chromium and th e i r  a l lo y s ,  Blxprossed in  
naierohm*om, the  s p e c if ic  r é s is ta n c e  o f tu n g sten , molybdenum and tan talum  
range from 0 to  18*6 a t  room tem pera tu re , whereas n ic k e l and ohromlmi 
a llo y s  rang© from 110 to  145,
5 .4  TUNGSTEN A #  PURE niCKBI, FILMBHTB 
5 ,4 ,1  Expérim ental t e s t s  on tu n g sten  filam en ts
i^om th e  various p ro p e r tie s  considered in  se c tio n  6,5 i t  i s  
obvious tliÊit th e  tu n g sten  is  th e  b a s t amongàt th e  re f ra c to ry  m etals fo r 
the  p resen t a p p lic a tio n  às h ea tin g  f i lm m n t, Hbnce a number o f to o ts  
were c a rr ie d  out to  examine I t s  s u i t a b i l i t y  in  the  c o n d itio n  o f th e  p resen t 
probléati*. To t e s t  i t ,  th e  tu n g sten  f ila m e n t, co lled  and supported on an 
alumina ro d , ,jm#' sealed  in  a pyrex g lass  tube of about 60 mm# diam eter, 
%'jhioh was subsequently  evacuated to  a vacuum of 10**^  t o r r .  Metal* 
(tim g sten )ia* g laes  s e a l ,  one a t e i th e r  end of th e  g la ss  tu b e , provided 
th e  a lc o tr io a l  te rm ina le  to  th e  tungeton  fila m e n t, fJhon th e  e le c t r i c a l  
power rms put on, th e  filam en t heated up and s ta r te d  o x id is in g . I t  had
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a lre a d y  W en s l i g h t l y  o x id ised  d u rin g  i t s  s e a lin g  in  th e  g la s s  tu b e , vjhloli 
could no t be avoided e a s i l y .  On f u r th e r  h e a tin g , th e  ox ides evaporated  out 
a t  about 1860^0 le a v in g  th e  tu n g s te n  su rfa c e  smooth and sh in ing»  The 
ev ap o ra ted , d a rk  b lu e  tu n g s te n  oxide g a t d ep o s ite d  ora th e  g la s s  tube w a l l ,  
re n d e rin g  i t  alm ost opaque» I t  w as, th e r e fo r e ,  n ec e ssa ry  t  o p rev en t 
o x id a tio n  o f  th e  tu n g s te n  f ila m e n t in  o rd e r t o  avoid  th e  r e f l e c t o r s u r f a c e  
g e t t in g  co ated  %vith ox ides due to  t h e i r  subsequent e v a p o ra tio n , A ll  e f f o r t s  
to  p rev en t o x id a tio n  in  th e  f u r th e r  t e s t  o f  tu n g s te n  f a i le d *
To p rev en t th e  o x id a tio n  o f tu n g s te n  in  a  la rg e  vacuum chamber, 
even in  a h ig h  vacuum o f  10"^ t o  10^^ t o r r ,  was going to  be exceed ing ly  
d i f f i c u l t»  Blow d i f f u s io n  o f a i r  m olecules th rough  t h e  w a lls  of th e  chamber 
and degassing; o f  m odels, r e f l e c t o r  and e th e r  equipment in s id e  i t ^  would be 
enough to  p ro v id e  a stream  o f oxyg;©n m olecules f o r  a con tinuous o x id a tio n  
o f tu n g s te n  f i la m e n t.  B es id es , unox ld ieed  tu n g s te n  has very  low e m is s iv ity  
compared to  th a t  o f o x id ised  n ic k e l  or n ic k e l a l lo y ,  end hence in  o rd e r to  
produce th e  h e a t  gen era ted  by an o x id ise d  n ic k e l  f ila m e n t a t  1800^0^ tu n g s te n  
has t o  work a t  1000^ to  1700®C# T his swings th e  d e c is io n  in  favour o f  a  
n ic k e l  o r a n ic k e l  a l lo y  h e a tin g  filam en t#
Though chromium has a  h ig h e r m e ltin g  p o in t th a n  n ic k e l  and e q u a lly  
good e ro is s lv l ty ,  i t  can n o t be used a lone o r a llo y e d  w ith  n ic k e l a t  h ig h  
tem p era tu res  in  h ig h  vacuo, because o f  I t s  h ig h  vapour p re ssu re s*  Both 
n ic k e l and n ic k e l oxide have v e ry  low vapour p re s su re s  a t  h ig h  tom peratur© s^“ 
and th e  o x id e ’ s om issiv lty® ^ o f th e  o rd e r o f 0 ,8  to  0 .86  a t  te m p era tu re s  o f 
1000 to  1800^0, Bind© n ic k e l f ila m e n t w orking a t  a lower tem pera tu re  o f  
1100 to  1800^0 produces th e  same h e a t ou tp u t as  tu n g s te n  f ilam en t a t  h ig h e r  
tem p era tu re s  o f 1000 to  1600%., use  o f  n ic k e l f ila m e n t re a d e rs  th e  f ilam e n t
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supp02?t tu b e  o f  a lu s îln a , r e in f o r c e d  w ith  th e  t h o r i a t e d  tu n g s te n  
rod» more r i g i d  a g a in s t  sagging»-
A il eom m eroial n i e k e ls  a re  n o t  more th a n  99 p e r  o en t p u re ; 
w hich i n  a  h ig h  vacuum do n o t s ta n d  a  te m p e ra tu re  h ig h e r  th a n  
ab o u t P ure  n ic k e l  (99*92^) wus o b ta in e d  from  th e  B r i t i s h
D riv e r# H a rr is  Go# to  be u sed  f o r  th e  f ila iiien t#  T h e ir  s p e c ia l  
a l l o y  "T h erlo ’’ (2^fo Hi» Vtf^ Go and th e  b a la n c e  i r o n )  d id  n o t  g iv e  
b e t t e r  r e s u l t s ;  th a n  h ig h  p u r i ty  n ic k e l#  B esides»  i t  i s  n o t  a s  
much d u c t i l e  as, p u re  n ic k e l  and hence i t  i s  more d i f f i c u l t  t o  work*
5#42 E x p e rim e n ta l t e s t s  on F are  H iokel P ila m e n ts
H eat r a d i a t e d  by an o x id is e d  h ig h  p u r i ty  n ic k e l  w ire»
2'4f r e e l y  suspended in  m h ig h  vacuum» was d e te rm in ed  by Wong 
H is r e s u l t s ; a r e  p lo t t e d  in  f i g u r e  5*9*1#
However» i n  o rd e r  to  e s t im a te  p r e c i s e ly  th e  h e a t  o u tp u t 
from  a  n ic k e l  f i la m e n t»  h e l i c a l l y  wound on a  ceram ic  su p p o r t  tube» 
an ex p erim en t u n d e r s im i la r  c o n d it io n s  was; n ece ssa ry #
To do i t ,  a  0*028 in c h  d im ie tc r  pu re  n ic k e l  w ire  was h e l i c a l l y  
wound (2 6* f *P#l) on a  ceram ic  ro d  o f  0*156 iach i diam# x  4 in c^  
len g th *  The s u r f a c e  a re a  o f  th e  h e l i c a l l y  wound p o r t io n  o f  t h i s  
h e a t in g  e lem en t was. 15*89 sq*cm* T h is  was o x id is e d  a t  850*^0 f o r  
50 m in u tes  an d th en  t f ts te d  i n  M gh vacuo o f  10**  ^ to  16*^^ t o r r  a t  
d i f f e r e n t  te m p e ra tu re s*  The r e s u l t s  a re g iv e n  in  t a b l e  5*4#1 and 
p lo t t e d  i n  f ig u r e  i 5*5*1* The te m p e ra tu re  o f  th e  f i la m e n t  was. 
m easured by an o p t i c a l  pyrom eter#
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On p ro lo n g ed  t e s t i n g  above 1000 0 Wong ,i found  t h a t  
© m lss iv lty  o f  th e  o x id is e d  n ic k e l  g ra d u a l ly  red u ced  a f t e r  a  
s e r v ic e  o f  ab o u t 6 hours*  T h is  m igh t have been m ain ly  due to  
th e  e v a p o ra tio n  o f th e  o x id e  film *  However» t h i s  w i l l  have 
th e  e f f e c t  o f  re d u c in g  th e  h e a t in g  c a p a c i ty  o f  th e  h a re  o x id is e d  
n ic k e l  w ire» and th e re h y  c i r c t a i l i a g  i t s  s u i t a b i l i t y  above 1000*^0 
i n  th e p re s e n t  a p p lic a t io n *
1 0 9
ÎIBIŒI 5 * 4 ,1
BIAS OUÏBJÏ Of OXIDISED 110  I B l  f lM r iS W
ïem pôra 'B ïiro  
00
















T o r r
ÆïJ&rrf«Me*»W2JS»3£ÈWîSWsW*^^ #uf4*^wr#ky.f^«:*!;&nw=,#kem*w*apëMK<%%3#Be#m
6 % 10” “ 
6 X 1 0 ” ^ 
6 X 1 0 ” ^ 
6 X 10“ ® 
6 X 10"®
6 X 10 
6 % 10 ' 
6 2£ 10 ' 
6 3s 10* 
5 % 10 ' 




65 % 10 
I 5 X 1 0 ” ® 
5 X 10“®
B e a t  o u t p u t















- . _ t ;3 * a p * ç a a a i? T * ,«
f a t t e  p e r  
ec|» cm#






6 .5 0  
7,47
8.45







*sa4Tfs#=3V ^ * w 4 il
Olive gi?mn oxide 
film  adhered 
wall up to the 
eml of the  
e x p i r e m e n t .
At 1070°0, one of 
the brighter 
glowing enda of 
the filam ent a t  
the junction 
w ith  the power 
t e r m i n a l e  b u m e d  
o u t .
no
5.9 GEâBHIBE AftMraLACK FIIAMMWS
From the t e s t s  on ox id ised  Hiokel filam en ts  (se c tio n  5. 4 ) i t  i s  
ev iden t th a t  maximum h e a t power a v a ila b le  from the ox id ised  n ick e l 
filam en t v^as about 800 to  gOO w atts  per f t#  leng th  o f the  filam en t 
o f diam eter 0*224 inch* This f a l l s  sh o r t  o f requirem ent (se c tio n  %5)#
In  o rder to  in c re ase  power output» i t  was necessary  to  t e s t  m a te ria ls  
o f h igher e m iss iv ity  mid o f h ig h er working tem perature* With t l i is  idea» 
ox id ised  n ick e l filam en ts  p la s te re d  w ith p astes  o f lampblack and 
F ib re f le x  cement (a  h i ^ i  vacuum oeaient» v/hich eon w ithstand  a  tem perature 
up to  1260^0 » supp lied  by Messrs* Oarbommdum Go») and g rap h ite  and 
F ib re fle x  cement ware te s te d  in  the s im ila r  cond itions as the  ox id ised  
n ick e l filam en ts (se c tio n  5*4*2)* Sie mixing of the cement w ith  the 
lampblack i s  l ik e ly  to  reduce i t s  em iasiv ity  and hence care  was token to  
keep the  p roportion  o f cement j u s t  a u f f io ie n t  to form a  ’w orkable’ paste*
The t e s t  r e s u l ts  a re  given in  ta b le s  5*5*1 and 5*5*2» and a re  p lo tte d  in  
f ig u re  5*5*1# For the  salœ of comparison» graphs o f h e a t output o f unoxidised 
n ic k e l and tungsten  a re  a lso  shown in  the same figure*
A t e s t  run  o f lampblack paste» p la s te re d  over the  tungsten  filam ent» 
d id  n o t show any advantage over # ie  n ick e l filam en t p la s te re d  w ith the same 
paste*
On p3r;olon^^ed te s t in g  a t  h i^ i  tem perature i t  was found th a t  g rap h ite  
burned out more qu ick ly  than lampblack# A t e s t  run  a t  llOG^G fo r  I 5 hours 
in  a  vacuum of 10" to r r  was c a rr ie d  ou tto  a sc e r ta in  the l i f e  o f the 
lam pblaek-pasted filam ent* At the end o f the te s t»  lampblack was found 
to  have burned ou t in  sm all patches a t  d i f f e r e n t  p a r ts  o f the f ila m e n t.
I l l
bu t the  filam en t was s t i l l  working well* Even in  th i s  high vaoumn 
th e re  a re  moleoules o f oxygen a v a ila b le  to  cause a slow burning o f 
the laapb laok , which oavi only be reduced f a r th e r  by using  a  su ita b le  
g e t t e r ' l i k e  titm iium  to  absorb the oxygen moleoules o r by flush ing ' the 
vaoumi ohamber w ith  in e r t  gases*
In  the t e s t s ,  tem perature o f the  filam en t was measured by an 
o p tic a l  pyrometer and h e a t output in  w atts in  terms o f c u rre n t and 
vo ltage  by im am iete r and a  vo ltm eter resp ec tiv e ly *  A la rg e  18 inch 
d im ie te r pyrex g la s s  b e l l  j a r  formed the p a r t  o f the vacuura chamber. 
# G  su rface  a re a  o f each filam en t was 15*89 sq.cm*
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^#6* B iscuaslon  o f resu lt©  and the f in a l  d es im  o f the  h e a tin g  e lem ents.
The disorepaney in  the  r e s u l t s  o f the p resen t work and th a t  o f
*23
¥ong fo r  the r a d ia n t  h e a t oapaoity  of high p u r i ty  n ioke l-w ire  i s  due to  
two d i f f e r e n t  oonclitions o f te s ts *  The alumina rod supporting  the  niolcel 
o o il  in  the p resen t work was a  l i t t l e  longer than the e e i l  and hence i t  
provided an e x tra  su rface  fo r  the  h e a t rad ia tio n *  Tbis has no t been 
accounted fo r  in  c a lc u la t in g  the h e a t output per u n i t  a re a  froni the  f ila m e n t, 
s in ce  the o b jec t was to  f in d  the m a te ria l o f tlie f ilam en t g iv in g  maximum 
h e a t ou tpu t under the cond itions in  which tli© filam en t"^©  toLhe used l a t e r  
in  the  experiment*
The f ig u re  5*5*1 c le a r ly  shows th a t  th e re  i s  a  s u b s ta n tia l  ga in  o f  
30 to  40 per cen t in  h e a t ou tpu t by use o f lampblack and g rap h ite  over the  
hare ox id ised  n ic k e l filam ent* T iiorefore, a  n ic k e l f i la g ^ n t  ©xidised a t  
©50*^ 0 fo r  30 m inutes and supported on 4®ra* ou tside  dimii# x 3 mm* in s id e  diam# 
lleguasit alumina tube (AlgO^> and p la s te re d  w ith  a  p a s te  o f lampblack
and F ih re fle x  cement, was f in a ljty  se le c te d  to  be used* The alumina tube 
was re in fo rce d  vdth a  ground, 2*8 mm* diam*, 2fo th o r ia te d  tungsten  rod 
to  s treng then  i t  a g a in s t sagging a t  n i ^  tem peratures* Over a l l  diam eter 
o f  the  f ilam en t including* the p la s te r  comes to  about 0*219 to  0*220 inch#
This loa,v0s the  f ilam en t underside by about 0*004 to  0*005 in ch , because the 
designed diam eter i s  0*224 inch (v ide  seo tio n  4#0)| Wiich vd.ll be made up 
a t  h igh  tem peratures due to  therm al expansion# Working a t  IXOO^G, th is  
f ilam en t would produce about 1*2 K#watts per f t*  length*
This should be remembered, however, th a t  lampblack filam en t a lso  
s u f fe rs  the drawback of a  slow evaporation  and burning a t  the  high tem perature
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p î a p p lic a tio n  o f about 1X00^0* T h is ,n o t only reduces the l i f e  o f the 
f ila m e n t, but a lso  the d ep o sitio n  of evaporated lampblack and i t s  oxide 
on 'bhe h igh ly  p o lished  r e f le c to r  su rface  in te r f e r e s  w ith the working of the 
re f le c to r#  th e re fo re , i t  i s  d e s ira b le  to  s t a r t  the  h ea tin g  o f the  filam en t 
only when a  d e s ire d  h i^ i  vacuum i s  ob ta ined , and then to  ca rry  on the  
t e s t  as qu ick ly  as possible*
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mBRIGATION OF EQOIPm#! A m  imTRUMEBTO
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6*1 In tro d u e tio n
A method was devolopod to  o b ta in  a high aocuraoy in  th e  oonstruo tlon  
o f the  re f le c to rf i Binoe tho  experim ents had to  be c a rr ie d  on in  high vaeuo 
(vide se c tio n  B*6), a la rgo  vacuum chamber to  house th e  r e f le c to r  and the 
test^^modelj, was designed and eoB struotod. The pumping system con sis ted  of 
a 6 inch d if fu s io n  pump mid. a s in g le  stage  ro ta ry  pump*
To measure th e  heat d is t r ib u t io n  accurately^  rad iom eters wore developed 
end c a lib ra te d  using  a w ater ca lo rim e te r and a uniform source o f heat* The 
w ater ca lo rim ete r and th e  h e a te r  were designed and co n stru c ted  e sp e c ia lly  fo r 
t h i s  purpose* To support the  conducting sk in  model in  p o s it io n  and a lso  to  
f a c i l i t a t e  th e  handling  of th e  thermocouple w ire s , a model support tray was 
designed and constructed#
6*2 F ab rica tio n  and t e s t  o f a m ulti-ourvo r e f le c to r
6*2*1 E sse n tia l  c h a ra c te r is t ic s  of the  material o f tho  r e f le c to r
High r e f l e c t i v i t y  of in f ra - re d  ra d ia tio n  and cap ac ity  to  take  up and 
m ain tain  a m irro r - l ik e  su rface  f in is h  were the  most e s s e n t ia l  fe a tu re s  req u ired  
from th e  m a te r ia l of the  r e f le c t  or# A high thermal c o n d u c tiv ity  %-ms a lso
K
d e s ira b le , to  reduce the  temperature g rad ien t across the  tic îm e ss  of the  
r e f le c to r  and between one p o rtio n  and another* Gold end s i lv e r  range h igh  
fo r the  r e f l e c t iv i t y  of r a d ia tio n  o f 0.6 micron to  10 micron wave leng ths * 
Copper and Aluminium come next @ and both  work very w ell in high  vacuo* Copper, 













aluminium having no d i f f ic u l ty  w ith  th e  p rocèsb of so ld e rin g , was se lec te d  
fo r  the  r e f l e c to r ,
6 ,2 ,.2 , R e f le c to r 's  s e n s i t iv i ty  to  l;he m anufaeturirig e r ro r
Sangle c a lc u la tio n s  using  equations (0 -3) and (0 -4 ) o f appendix- 0 
oleai’ly  In d ica te  the  r e f l e c to r ’ s s e n s i t iv i ty  to  m anufacturing error# An 
error of i ” 0,001 inch in  th e  rad iu s  of th e  re f le c to i ' p ro f i le  a t  any po in t 
amounts to  an e r ro r  o f  tho  o rder of — 0*10 inch end more in  th e  p o in ts  of 
incidence o f th e  re f lo a te d  ra y s , T herefore , th e  idea  o f machining the  
r e f le c to r  out of a copper b lock  i s  not a t t r a c t iv e ,  because th e  c u ttin g  to o ls  
a re  most l ik e ly  to  leave marks on th e  su rfa ce , and any p o lish in g  of the 
curved su rface  of th e  r e f le c to r  would mot e a s i ly  i’omovs th e se  m arks, Hence 
i t  was decided to  make a copper sheet r e f l e c to r ,  bent to  proper shape w ith  
the  he lp  of a b lock j i g  conforming to  i;he inner shape o f the  re f le c to r*
6*2*3 To p o lish  th e  copper sheet
A sc ra tc h -fre e ,, h ig h ly  po lished  copper sheet was sp e c ia lly  ob tained , 
bu t i t  was found th a t  the s u rfa c e - f in is h  was not good enough. F i r s t ly ,  
an attem pt was made to  s t ic k  a th in  rdo ta llieed  melimesc sheet (supplied  by 
Vacumi Research Ltd*) to  the  in s id e  su rface  of the  copper r e f l e c to r ,  by 
means o f some s i l ic o n e  or o ther adhesives. The sheet had a very high surface  
f in is h  giving a very high r e f l e c t iv i t y  and i t  needed no fu r th e r  surface 
treatm ent* Another very g rea t advantage was th a t  i t  could be peeled o f f  the 
copper reflecto r-fram ©  and rep laced  e a s i ly  by another p iece  of th e  sheet 
whenever necessary* Im th e  lim ited  time a v a ila b le , hovîover, no way could 
bo found to  get r i d  o f tho  a i r  bubbles which had th e  tendency to  be trapped 
between the  m elinex and the oonnar sh ee ts  during th e  uroceas o f adherinc?
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together*  Be s id e s , the  mollmez sh ee t gives a f l a t  eurfaoe only under 
tension*  The a i r  bubble and th e  adhesive, however sm all, tend  to  sp o il 
the  smoothness o f th e  surfaoe# From th e  po in t of view of co o lin g , a 
ra th e r  th in  raelinex sheet o f th e  order of one or two thousandths of an 
inch  was p re fe ra b le , but such th in  sh ee ts  y ie lded  more e a s i ly  to  the 
trapped  a i r  bubbles and adhesive , producing a kinked su rfa c e , then  the  
th ic k  sheet* Too th ic k  a me 1 inox sheet could, not be used because of the  
cooling  problem . The method, th e re fo re , was dropped fo rth w ith  in  
p reference  to  th e  Imown bu t ted io u s process of p o lish in g  th e  copper sheet 
to  a m ir ro r - l ik e  f in i s h .
In  o rder to  p o lish  th e  copper sh e e t, a r ig  was construc ted  to  
support a v a r ia b le  speed e le c t r i c  motor mounted on b a l l  b earings to  
f a c i l i t a t e  i t s  motion on r a i l s  and to  house th e  copper sheet mounted on 
a wooden board (fig u re  6 .2 .1 )*  A very s o f t ,  5 inch  diam eter lamb’s wool 
pad a ttached  to  th e  mot or -sp  in d ie  po lished  th e  copper sh e e t, u sing  diamond 
p astes  of th re e  d if f e r e n t  grades o f S m icron, 1 m icron and |  micron w ith  
hypres f lu id  $ Working ag a in s t the  sp rin g -ten s  ion  a ttached  to  th e  m otor, 
w ater flow ing in  o r out o f th e  can (fig u re  6 .8 ,1 )  gave movement to  th e  
lamb’s wool pad . Though the  motor could run up to  300 r .p .m ,,  tho 
tendency of th e  hypres f lu id  to  f l y  o f f  th e  pad due to  c e n tr ifu g a l  fo rce  
d id  not allow  th e  speed to  go beyond about 150 r .p .m , - tïp to  th i s  speed 
range , f a s te r  spaed of pad found to  produce b e t te r  f in is h  of the  
su rfa c e •
6*84 Method of f a b r ic a t io n
F i r s t , a m aster tem plate  conforming to  th e  shape o f th e  m u lti-
4‘a- -
ke
FIG. 6,2.2. Reflector forming mechanism.
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ourv© r e f le c to r  of t a b le  4 ,8 .1  was made from a & inch th ic k  stub s te e l  
p la te*  The co -o rd in a te s  of the r e f le c to r  p ro f i le  were marked on the  
p la te  and then machined out very accurately*  Later i t  was cheeked on 
Q m illin g  machine u sing  a d ia l  gauge, and errors removed by f i l i n g  the  
curved surface c a re fu l ly .  On f in a l  chock, the  m aster j i g  was found to  
be accura te  within . Î  0*002 inch*
' à  feim le tem plate  was a lso  produced from a inch th ic k  stub  
stool plat© and was checked w ith  th e  help  of th e  m aster tem plate^ using 
a ligh t«box . Twelve one-inch th io k  a lum in im  a llo y  p la te s  wore roughly 
out in  th e  shape of th e  r e f le c to r  p ro f i le  and assembled to g e th e r , using 
three one-Inch diam eter s te e l  b o l t s ,  passing  through th e  jig -b o red  ho les 
in  thorn* Them th i s  rigid block of p la te s  was- further machined accu ra te ly  
on a p ro f i le  shaping machine using  th e  m aster j ig  as tem plate  * To
improve fu r th e r  the  accuracy,* the  aluminium lam inar b lock  was c a re fu lly  
rubbed w ith  a sw lss f i l e  and emery paper using  h l-sp o ts  b lue and the 
female te m p la te . O ver-a ll accuracy of tho  aluminium block  tem plate was 
brought to  w ith in  -iso.003 inch# These inaeourao ies were d is t r ib u te d  in  a 
very i r r e g u la r  way and were m ostly negative* The copper sh e e t, duo to  
i ts o v m  s tre n g th  and s t i f f n e s s ,  was not expected to  fo llow  those ir r e g u la r  
negative  e r ro rs  and hence was expected to  conform more acc u ra te ly  to  the  
shape o f tho re f le c to r*
I t  was necessary  to  ex erc ise  g rea t oaro in  handling  and working 
with th e  th in  oopper shoot whose one su rface  had a m irro r- lik e  f in i s h .  
B esides, i t  was necessary  to  ensure th a t  the forming process allowed no 
gap, however sm all, to  e x is t  between th e  copper sheet and the  biOQk
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tem plate once th e  former bent over the  l a t t e r , A eudden la rg e  change
a
in  oirrvature a t  160 In th e  re .f le e to r  p ro f i le  produced a rid g e  which caused 
d i f f ic u l ty  in  smooth bending of th e  s h e e t . A l in k  mechanism (fig*  6*g*8) 
designed to  perform  th e  p rocès8 o f  forming the  re f le c to r^  was not suooessfu l, 
because i t  allowed gaps of a few thousandths of an inch  here and there 
between r e f le c to r  and blook tem p la te .
The process shown in  f ig u re  8#&#5» however, succeeded very %vell,
Im order to  e lim in a te  th e  in te rfe re n c e  by tho rid g e  in  th e  r e f le c to r  p ro f i le  
in bending, and to  prevent movement of the  copper sheet during tho process 
o f formings i t  was f i r s t  clamped a t  th e  top  of the  aluminium b lo ck . Both 
s ides of the copper shoot were them pu lled  down simultamoouely by means o f 
the  inner rows of screw s, w hile screws im tho  ou ter rmvs kept the s te e l  bars 
le v e l and ensured t ig h t  co n tac t o f  th e  copper sheet ag a in s t th e  aluminium 
block a t  til© c o rn e rs . , A 0*0005 inch th ic k  molinosc sheet p laced between th e  
copper sheet and th e  aluminium block safeguarded the  po lished  su rface  of 
the  copper shoot a g a in st any damage*
To provide r i g id i ty  as w e ll as  support to  the  re f lo c to r^  the  
copper sheet was screwed over two aluminium side  p la tes*  % im li th ick* one 
a t each end* These two p la te s  were marked, machined and brought to  conform 
a ccu ra te ly  w ith  th e  aluminium block  to  which they were f ix e d , one on e i th e r  
s id e , by means o f th re e  $  inch  diam eter screws and a pair o f lo c a tin g  p in s .
A 0*0005 inch th io k  m aliaex sheet was placed in  betvmen th e  aluminium block 
and th e  p la te s  so th a t  the  reflector could s l ip  out e a s i ly  from the block 
j i g  a f te r  i t  was fab rica ted *  ^  inch diam eter ho les were d r i l l e d  in sid e  
the  aluminiimi p la te s  to  allow  coo ling  w ater to pass through thôBi* Cooling
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of th e  pXatos was a b so lu te ly  necessary  to  elilmnat© d is to r t ld n  and o3cpansion 
of th e  p la te s  due to  h e a tin g , causing e r ro r  in th e  reflector p r o f i le ,  as 
w a ll as in th e  p o s it io n  o f the  filam ent which they  support* This was a lso  
m cassa ry  to  e lim in a te  in te rfa ronoo  in  th e  heat d is t r ib u t io n  on the  model, 
i f  tho  p la te s  ware h o t .
6*2*5 Cooling of the  r e f le c to r
I t  was d i f f i c u l t  to  provide wa e ffe c tiv e  means of cooling the  
r e f l e c to r ,  An attem pt to  so f t  so lder any cooling  device on tho  top  su rface  
o f th e  r e f le c to r  could cause damage to  i t s  r e f lo o tin g  po lished  su rfa c e . The 
only  s o lu tio n , th e re fo re , \vas to  use cold s e t t in g  bonding m a te r ia ls , such as 
^ara ld ite*  or *m eta llux* , M  idea  to  b u ild  a cooling  box o f copper sheet 
on th e  top  su rface  of th e  r e f l e c to r ,  w ith a number o f in te rm ed ia te  r ib s  to  
provide r i g id i t y  to  th e  r e f le c to r  as w e ll m  to  tho cooling  box, was 
abandoned, because of com paratively poor s tre n g th  of th e  bonding m a te ria ls  
a g a in s t ex cessiv e ly  high  w ater p ressu re  a c tin g  021 th e  re f le c to r* a  largo  
su rface  a re a  in  the vacuum.
Im o rder to  e lim in a te  th e  e f f e c t  on the r e f le c to r  of tho  cooling  
w ater p ressu re  a c tin g  a g a in st th e  vacuum, a com pletely d if f e r e n t  device was
Êused* Wade * s couplings wore s i lv e r  so ldered , one a t  e i th e r  end of Yg inch 
o u tsid e  diam eter x “I* inch in s id e  diam eter x isf* inch leng th  copper tu b e s .
Til© tubes were s o f t  so ldered  to  0.012 inch  x inch % 12-$ inch  copper s t r i p s ,  
end th ese  copper s t r ip s  were bonded on th e  top surface o f th e  r e f le c to r  a t  a 
pitch of one inch by means o f a r a ld i te  AYlll. In a  Igl p ro p o rtio n , a r a ld i te  
was mixed w ith  aluminium powder to  inoroaoe i t s  therm al conductiv ity*  ■ Tubes 















been sm aller and eonsequently  cooling  lo ss  e f f e c t iv e .  Using s i l ic o n  O^rings 
and P,T*F,Ba tu b in g s , Wade * s couplings vmi'o jo ined  to  form two - vmtor oooling 
'c irc u its*
' In  o rder to  provide fu r th e r  r lg id i t j r  to  th e  r e f le c to r  9 th ree  
more copper r ib a ,  spaced as shovm in  f ig u re  6*2*4, were bonded to  i t ,  using  
th e  same a ra ld i to  Alt 111*
6*2*6 T est and D iscussion  of R e s u lts s- In  a l l ,  two r e f le c to r s  war© made, 
one w ith  0*017 and another w ith  0*086 inch th ic k  copper sheets*  They were 
te s te d  escperiraantally in  a high vacuum of about 10"^ t o r r ,  to  fin d  th e i r  
perform ance, using  th e  radiom eter described  in  se c tio n  6*4*4* Their t e s t  
r e s u l ts  are given in  ta b le s  6 *8*1 and 6 *2*8 and a re  p lo tte d  in  f ig u re s  6 *2*6 
and 6 *8*6 respoctivo ly#
Comparison of f ig u re s  6 *8*8 and 6 .8*6 w ith  f ig u re  4*8*1 shows th a t  
th e  ©xpori,mental r e s u l ts  obtained on th e  r e f le c to r  in  se c tio n  4*8 have been - 
approxim ately repeated  by th ese  Wo r e f le c to r s  a ls o .  This i s  q u ite  con tra ry  
to  o n e 's  ex p ec ta tio n  to  get higgler heat in te n s i ty  a t  th e  ho t end of the  plane 
of i r r a d ia t io n  by using  th ese  Wo r e f l e c to r s * because of th e  e lab o ra te  method 
follow ed to  make them more accurately*  However * th i s  can be explained by 
considering  the  e f f e c ts  o f th e  shape and sis© of th e  heating* elem ents on th e  
performance o f a r e f le c to r*  In  th ese  two r e f le c to r s  lampblack p la s te re d  
filam en ts  were used , whose shape and Bl&e could not be m aintained as 
accu ra te ly  as the  bare  w iro filam en t which was used in  th e  r e f le c to r  of 
se c tio n  4 .8 .  Since th e  r e f le c to r  Is  s e n s i t iv e ,  not only to  i t s  m anufacturing 
e rro rs  but a lso  to  th e  shape and s is e  o f the  f ila m e n ts , th ese  must have 
a ffe c te d , to  a c e r ta in  e x te n t, th e  performance o f th ese  iw;o re f le c to rs #
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A l i t t l e  d if fe re n c e  in th e  r e s u ltb  of figures 6*2 #6 and 6*2*6 can a lso  be 
ascribed  to t h i s  reaso n , since two d if fe re n t  filam en ts were used in  the  
Wo re f le c to rs *
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6 ,5 Taouum Chamber
A vacjum chamber w ith  th e  in s id e  diBiensions of È2 Inch diem otor and
30 ineh he ig h t (f ig u re  6,3*1) was designed and co n stru c ted  to  aooommodate
th e  r e f le c to r  and th e  model* It. c o n s is ts  of 4 p ie c e s j bottom  p la te ,
bottom cluamber, top  chamber and the  top  p la te*  The §  inch th ic k  bottom
p la te  has a 9 inch  diam eter c le a r  bore in  th e  cen tra  to  f i t  th e  b a f f le
v a lv e . Four |f inch  diam eter s ta in le s s  s te e l  rods screwed in to  th e  bottom
p la te ,  support th e  r e f le c to r  * E le c tr ic  power leads aro a lso  housed in  the
bottom p la t e ,  They c o n s is t o f copper rods in  g lass  s e a ls  which a re  fu r th e r
sealed  vacuum t ig h t  by means of O -rings,
The bottom chamber la  provided w ith  a I 'l ls o n  se a l and th re e  flanged
ports, having 2 Inch nominal bore* The W ilson s e a l  tak e s  up th e  radiom eter
one o f
rod and the  thermocouple elem ents pass th r o u ^ / th e  th re e  flanged  ports*  
Through another flanged  p o rt two w ater cooling  c i r c u i t s  vjore arranged fo r 
the  re f le c to r*  The rem aining one p o rt i s  spare fo r  any fu tu re  eventual 
needs* The -|- inch diam eter copper tubes so ldered  to  th e  chamber w a lls  
provide th e  w ater coo ling  c i r c u i t s .  Besides» th e re  are  fou r more copper 
tu b e s , iîîoh d im ie te r , braaed to  the  bottom chamber to  provide w ater 
coo ling  c i r c u i t s ,  two of which were used fo r th e  rad io m ete r. The n ick e l 
p la te d  in s id e  svirfaoo o f th e  ohm#or was fu$*ther pa in ted  b lack  w ltli 
Brit&nnia-D to  increase  th e  abso rp tion  of heat ra d ia t io n  in c id en t on i t*
The Brltaania#D has an e m iss lv lty  o f 0*90 and i t  was fu r th e r  te s te d  fo r 





6 A  Radiomo'bors
6 A  ,1 iB troduo tton t - An aout© v a r ia t io n  ot hea t in te n s i ty  across the  
len g th  of the  plane o f i r r a d ia t io n  n ao o sa ita ted  th e  development o f a 
sp e c ia l typo o f radiom eter to  measure th e  heat d is t r ib u t io n  accura te ly#
Most o f th e  oonventionaX ty p es of radiom eter can only be used i f  th e  
heat r a d ia tio n  i s  uniform  on o e r ta in  a re a s , not le s s  th an  th e  exposed su rface  
of the  sensing element@ l#o# (lardon* a radlom etert^  Adhav* s and Kemp*B 
rad iom etert^
Sinoe fo r  cooling  th e  passive junotions^ Mole* a therm opile^^depends
(
on the  mass of the  m etal b lock  whose h ea t oapaeity  i s  lim ited#  i t s  meaauremeat 
of hea t ra d ia t io n  can not remain constan t in  continuous use# The Bbugjiiton 
and B row er® adlom eter i s  only s u ita b le  fo r  ra d ia tio n  measursment in  th e  
upper atmosphere* Ward*a rad ioraeter^ ‘^  i s  too  eom plioated and b ig  to  bo
used in  th e  p resen t problem*
Adhav* s and Kemp* s radiom eter^^ uses a gold f o i l  as sensing  element 
and hence i s  very  costly#  Besides# th e  hem ispherical re c e iv e r  i s  too  
la rge  to  be su ita b le  fo r  measuring th e  lieat ra d ia tio n  In  th e  p resen t problem# 
Oardon*s radiom eter^^ is  q u ite  se n s it iv e  mid simple to  make end i t  a lso  has 
a sm all tim e constant#  The o r ig in a l  C?ardaa*s rad iom eter r e l ie d  fo r  cooling 
th e  passive ju n c tio n  of Const an t an c ir c u la r  f o i l  on th e  heavy mass o f copper 
b lock  to  which i t  was soldered# This would c e r ta in ly  cause a t  le a s t  some 
sm all f lu c tu a t io n  o f th e  tem perature o f th e  passive junction*
Biïirn’s# Pickard*s and Hinkley* s themopile^*^ i s  s u f f ic ie n t ly  improved 
and not too  com plicated to  make # The annular b rass  r in g  holding th e  copper 
posts  which form th e  cold junctions*  i s  d i f f e re n t  from th e  b rass  w a te r -
. CIRCULAR FOIL RADIOMETER
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jaoko t and to  that oxU eat, th e  co o lin g  of th e  poaalvo ju n c t io n  might no t bo 
h ig h ly  e f f e o t iv o ,  e s p e c ia l ly  when i t  i s  m easuring a h ig h  in te n s i ty  o f h ea t 
ra d ia tio n *
6 .4 .S  D esign and C o n s tru c tio n  of a Cardon* s type  rad io m e te r g» F irs t^  a  
Gordon*8 ty p e  rad io m ete r^^  was designed  and e o n s tru o ta d  ( f i g .  6*4*1) w ith  
a principal m o d ific a tio n  o f in c o rp o ra tin g  a w ater ja c k e t to  co o l the p assiv e  
ju n c tio n . S ince th e  s e n s i t i v i t y  o f such rad io m e te rs  i s  in v e rs e le y  p ro p o r tio n a l  
to  th e  th iü îm ess  o f th e  sen sin g  c i r c u la r  f o i l#  0*001 in ch  th ic k  c o n s ta n tan  f o i l  
was used* In  o rd e r to  reduce th e  h ea t lo ss  along th e  copper wire* a very  
sm all d iam ete r w ir e ,  as sm all ae 0*006 in c h , was spot-w elded  at th e  co n tre  o f 
th e  f o i l*  àn  a ttem p t to  w eld 0*00X5 inch  dim notor wire vim  iinsuooossfuX«
6.4*3 R ec tan g u la r f o i l  rad io m ete r g- In  th e  f u r th e r  developm ent o f t h i s  
type  o f  ra d io m e te r , th e  ciroul&w f o i l  vised m  sen sin g  elem ent was changed to  
a re c ta n g u la r  f o i l  ( f i g .  6 .4#g)*  T his was n e ce ssa ry  to  account fo r  th e  
acu te  v a r ia t io n  o f r a d ia n t  h e a t a long  th e  len g th  o f th e  plan© o f i r r a d ia t io n *  
M oreover, i t  had th e  advantage o f a llow ing  th e  lo n g er leng th  of th e  f o i l  fo r  
g e t t in g  h ig h e r  s e n s i t iv i ty *  The w id th  o f  th e  f o i l  was in ch  bu t i t  oouM 
be f u r th e r  reduced i f  n e c e s sa ry . C onstantan  w ith  i t s  low tho rm al c o n d u c tiv ity  
en su res  h ig h  s e n s i t iv i ty *
The s e n s i t i v i t y  o f a rad io m ete r can bo In c re a se d , e i t h e r  by in c re a s in g  
th e  d iam oter o f  th e  sen sin g  f o i l  (the  len g th  in  th e  case  o f  re c ta n g u la r  f o i l )  
or by in c re a s in g  th e  nm A er o f  p a ire  o f active and p a ss iv e  ju n c t io n s • The 
form er method in c re a se s  th e  d if fe ro n c e  of tem p era tu res  betw een th© h o t and 
co ld  ju n c tio n s ,  and th e reb y  in c re a se s  th e  r a d ia t io n  h e a t lo s s  (and a lso  th e
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1.  Body l “ CÉ>ppëï* 3/l6%1,/4 inches*
1 / 1 6  .Inch diam. passage f o r  water*
2 . ïh e rm o co u p les ;-  0*00.4 inch  diam* Bhre^a- and
'■ Vahr^m w ire s ,
3 . Thermocouple. Term inals*,- Copper*
4. Wades C ouplings,
5 . Alumina su p p o rt rod*
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oonTOcti’Fo h ea t Xaea, i f  used in  atm osphere) from th e  f o i l ,  The l a t t e r  
method ÿ though move eom plioated^ i s  more aooure te  and th e r e fo re  was adopted 
fo r  f u r th e r  development of th e  rad iom eter*
6 F u rth e r  development and p a l ih r  a t  io n  o f ra d io m e te rs ;* To t e s t  th e
ra d io m e te r5 a w ate r calorimeter was designed  and c o n s tru c te d  (fig® 6*4,3)*  
Since a h o le  sm a lle r  th a n  inch  d iam eter of 4 in ch  le n g th  could  no t he 
d r i l l e d  th rough  th e  body of th e  o a lo r im e te r ,  a 24 $,w *g, copper wire ¥ms 
in s e r te d  in to  the h o le s  b e fo re  so ld e r in g  th e  w ater i n l e t  and o u t le t  tu b es  
t o  i t  a in o rd er t o  reduce th e  im te r  flow th rough  them® The tem p era tu re  
difference of w a te r  flow ing in  and out o f th e  c a lo r im e te r  i s  r e g is te r e d  by 
the copper c o n s ta n ta n  thermocouple® The to p  su rfac e  o f th e  o a lo r im e te r r is  
p a in ted  blaokg t o  absorb  maximum h e a t r a d ia t io n ,  w ith  B r i ta n n la 4 ) ,  a h ea t 
and vacuum r e s i s t a n t  p a in t ,  o f  known m a is s lv ity  o f  0 ,00* The o th e r  
a iu 'faees a re  smooth and l i g h t l y  polished®  In  o rd e r t o  m inim ise th e  h e a t
•j
lo s s  by conduction  from th e  lower su rfa c e  o f th e  c a lo r im e te r , a i n c h  
, d iam eter sm all alum ina ro d , s tu c k  to i t  by means o f a r a l d i t e ,  su p p o rts  i t  
, above any base on which i t  m ight have to  be p laced  d u rin g  th e  ex p erim en t.
P re lim in a ry  t e a t s  o f  a few more d i f f e r e n t  ty p es  o f rad io m ete re  made, 
were done to  f in d  t h e i r  perfo rm ance. T est r e s u l t s  o f some w ire  th e rm o p iles  
were a lso  very  enco u rag in g . B*E* Aggrawedi (Department o f  A ero n au tics  end 
F lu id  M echanios) to o k  up th e  f u r th e r  developm ent, based  on th e  p r in o ip lo  of 
th e  th e rm o p ile , and designed  a rad io m ete r (fig® 6*4,4) c o n s is t in g  of 10 
p a i r s  o f  h o t and co ld  ju n c t io n s . This rad io m ete r was used In the fu r th e r  
work o f th e  p ro je c t  and hence i t s  c a l ib r a t io n  chart i s  reproduced from h ie  
work in  t a b le  G*4.X« The therm ocouple elem ents ware Eureka and Vacrom of
rFIG. 6 . 4 . 4 .  TJae rad iom eter
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0*004 inch  diam eter i^jires# Ijigure 6*4*5 bHowb the arrangement of the  
apparatus, except the  g la ss  h e l l  j a r ,  for the  c a l ib ra t io n  of th e  rad iom eter<
Table 6*4*1 
OALIBEATÏON OF RADIOFiBTBE
Radiometer Heat in tensity -




































6*6 MODFI, 8WP0RT TMY
The model su p p o rt t r a y  ( f i g .  6 * 6 . l )  vms d esigned  to  su p p o rt th e  
model o f  oonduoting a k in , and to  p rov ide  f a c i l i t y  fo r  i t s  a c c u ra te  
lo c a t io n  w ith  re s p e c t  to  th e  r e f l e c t o r  and th e  h e a tin g  e lem en t. T h is 
a lso  p ro v id es  f a c i l i t y  fo r  h o ld in g  i n  p o s i t io n  th e  therm ocouple elem ento 
f ix e d  t o  th e  m odel. To m inim ise ou t gas s in g  in  vaouitu, th e  t r a y  %vas 
made o f  s ta in l e s s  s t e e l .  Four screw lo g s , one a t  each  co rn er of th e  
t r a y ,  h e lp  in  i t s  l e v e l l in g  and a d ju s t in g  th e  d is ta n c e  from  th e  h e a tin g  
elem ent *
Models do not s i t  d i r e c t l y  on th e  model su p p o rt tra y *  They a re  
supported  on fo u r  co rn e rs  by moans o f  ^  inoh d iam ete r alum ina ro d s  which 
a re  f ix e d  to  th e  fo u r alum inium  a d ju s t in g  sorev/s. Those a d ju s t in g  sorev;s 
r e s t  on th e  model su p p o rt t r a y .  Because o f  low th e rm a l c o n d u c tiv ity  o f  
alum ina and w ith  th e  p o in t  c o n ta c t betw een, th o  model and alum ina rod* th o  
h ea t lo s s  from ’ th e  model by co n d u ctio n  i s  reduced  to  a  minimum^
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6 .6  OTma A #  A88BmiY 0? TIM
APPAMTm
A simple l in e  diagram of th e  assembly of th e  apparatus i s  shovm 
in  fig u re  6 .6*1 . In  order to  reduce the leng th  of th e  a i r  passage from the  
vacuum chamhor to  the  d if fu s io n  pump* the  b a ff le  valve #as d i r e c t ly  fla e d  to  
the  bottom p la te  of th e  ohamber ; as shorm in  the  diagram . Oare was a lso  
taken  to  arrange th e  connection of the  ro ta ry  and d if fu s io n  pumps vflth a 
minimum of tu b in g . The tich/ards o i l  vapour f ra c t io n a tin g  d if fu s io n  pump 
F 608, working in  con junction  w ith  Edwards 1 80 460 ro ta ry  pump was capable 
o f producing an u ltim a te  vacuum of 6 x 10 t o r r .
To measure vacuum, P ira n i and Panning gauges were provided.
P ira n i gauge head was connected to  th e  roughing lin o  end th e  Penning gauge 
head d ir e c t ly  to  th e  top  chamber.
The r e f le o to r  was supported on four % inch diam eter s ta in le s s  
s to o l rods fix ed  to  th e  bottom p la te  o f th e  chamber* P o s itio n s  o f the
ho les to  take up th ese  s ta in le s s  s te e l  rods vmre decided such th a t  the  plane
con ta in ing  th e  radiom eter rod was normal to  th e  plane of the  h ea tin g  f ila m e n t, 
These ho les were a ccu ra te ly  marked, d r i l l e d  amd tapped .
To f a c i l i t a t e  the  handling and connection o f more th an  a dosen of 
thermocouples fix ed  to  the  model, a thermocouple ju n c tio n  box was constructed , 
To record  th e  e . s ig n a ls  of the  thermo cotip le s  and th e  rad iom eter, T insley  
V ernier Potentiom eter end T insley  Galvanometer were p rov ided .
The radiom eter was fixed  on a inch diam eter s ta in le s s  s te e l  rod
which passed through the  Wilson se a l in  the  lower vacuum chamber. The
co n tro lled  movement to  th is  rod was given by means of another throeded screw.
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nut of which had a porspex p o in te r  fixed  on i t a  top  su rface  * The p o in te r 
moved on a sca le  when th e  threaded screw moved the  radiom eter ro d , thus 
in d ic a tin g  the  p o s it io n  of the  radiom eter on the  sca le  *
Power supply to  the h ea tin g  element was provided through 
s in g le  phase vo ltage  tran sfo rm ers , two o f wliich worked in  s e r ie s  to  give 
a fin© c o n tro l of th e  v o lta g e . In  order to  get an idea  o f power input 
to  the  h ea tin g  e lem ent, p rov isions wore made to  measure th e  cu rren t and 
vo ltage  acro ss th e  h ea tin g  oloment©
Cooling w ater to  the  r o f le c to r ,  vacuum chamber, rad iom eter, 
and the  d if fu s io n  pump was supplied  through d if f e r e n t  c ir c u its *  To 
supply enough w ater to  th e  r e f l e c to r ,  two d i f fo ren t c i r c u i t s  were u sed , 
mid the  head o f w ater had to  bo ra is e d  to  about 110 f t * ,  u sing  o. w ater 
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®ie estiiiia teâ  heat powesî o f 3 to  3»5 K*watto (aec tio n  5#5) 
oouXâ m t  b@ o b ta lm d  f^om tlio h ea tin g  element# % e n io k e l f i lm e n t  
p la s te re d  w ith lamphlaok and P ib re fle x  oement (se c tio n  5*6) could give 
a t  most o f 1*25 K*watte per f t*  length* Besides^ hy u sin g  a  m ulti^ourve 
re f le c to r*  alm ost 30 to  35 per cen t h e a t i s  wasted beyond the  lead in g  
edge o f the model# % ias, the a v a ila b le  h ea t to  tlie model f a l l s  f a r  
sh o rt o f the estim ated  requirem ent and consequently only low therm al 
cond u ctiv ity  m a te r ia ls  could ha used fo r  tlie conducting sk in  models* 
in  o rder to  g e t i t s  tem pérature as high as possib le*  Btaybrit©  s ta in le s s  
s t e e l j  supp lied  by Messrs* H rth*^Y ickero* having therm al conductiv ity  
o f 5.57 a t  20°0 ana 4.51 f t .  lb  /£ t,/a so ./°K  a t  700° 0 ;i®s waed fo r  §  
Inohj 4  ineb and inch th ic k  m odels. Another -g inch th ic k  model was 
made of El’sq u e n tito  ceramic* supp lied  by Messrs# S te a t i te  and Porcela in  
Products M d.
7*2* S ta in le s s  S te e l Models 
7*21* P ro m ra tio a  o f the Models;*
fhre© 6 inch long % 12 inoh wide models of S ta y b rite  s ta in le s s  
s t e e l  having th ickness o f inch* J  inch and % inch  were prepared* Both 
su rfaces  o f each model tmre f i r s t  machined and ground accura tely*
of #)Or!mooouplo holes, siic 1% o%ch of smd % Inch off oomtwe
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l in e  \mvo d r i l l e d  th ro u ^ i one surfaoe# Bie detâÜ B  o f the  aisse and 
lo c a tio n  o f ho les  a re  g iven in  ta b le  7#2*1* Holea im th d i f f e r e n t  
depth were d r i l l e d  to* f in d  a  tem perature across the  th io îm ess o f the 
model su rface  o f  tlie s te e l  p la te  ims sand b la s te d
uniformly# J a t e r ,  th is  su rface  was ox id ised  in  an e le c t r i c  oven a t  
650^0 fo r  one hour in  order to  in c rease  i t s  m is s lv i ty #  With the 
sand bl&mted su rface  fac in g  upwards* the s ta in le s s  s t e e l  p la te  re s te d  
OB the furnace bed with a  h e a t r e s i s tm i t  s o f t  paper in  between to  reduce 
the  ox ida tion  o f th is  surface# The furnace was ra is e d  slow ly to  650^0 
and then I t  was m aintained fo r  on© hour a t  th is  tem perature l>ofore 
power to  the  furnace was c u t off# % e s te e l  p la te  model was l o f t  in s id e  
the  furnace to  cool domi#
In  o rder to  reduce the ra d ia t io n  h e a t lo ss  from the bottom 
and sid e  faces* they  v^ere po lished  w ith carborundum p aste  and then w ith 
the 3 îîîioron diamond jiaat©# The © m isslvity o f the s ta in le s s  s te e l  i s  
i t ê e l f  low and a f t e r  sud i po lish ing* i t  could have been reduced to  
alm ost 0#05 o r less#
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TkmÆ 7,2*1#
Siwe and lo c a t io n  o f  therm ocouple  h o le s  in  s t e e l  m odels
T h lc lm ess 
t  o f  th e  
model
d ep th  o f 
th e  h o le  
( in c h )
d iam ete r 
ox th e  
h o le
D is ta n ce  o f th e  therm ooonple 
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7*2 *2 * ,. F ix ing  o f th e  Thermocouples s** %lmg an e le c t r i c  spark  in  a reducing 
atmosphere g thermocouplec o f Eureka and Vaorom w ires o f diam eter 0,004 inoh 
were made. Except in  th e  §* inch deep ho les in  th e  %- inch th ic k  model* thermo- 
couples In  a l l  o ther ho les in  th e  models were fixed  by means o f a very so f t 
lead p en c il (Venus SB)* To do i t*  th e  elements foxvning th e  bend were 
separa ted  out and then  the  po in ted  end of the  so f t p en c il on the  bead w ith  
elements on e i th e r  side* pushed the  bead in sid e  the  hole » While doing bo* 
th e  end of th e  p en c il breaks o ff  and thus Jams the  hole to  secure the  
thermocouple w ires in  positio n *  dust ou tside  th e  hole* a p ieoe o f tw in 
bore ceramic sleeve* 0*052 inch  diam eter and about ^  inch  long was used to
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keep the  elem ent8 ap art j th e re a f te r  * the  elements wc3re oovorocl sep a ra te ly  
by R e fra a ll sloevings*
In order to  f i x  th e  thermocouple Junction  a t  th e  bottom of th e  
II inch deep ho les  in  th e  h a lf  inch th ic k  model and to  in s u la te  the ' thermo­
couple %vires from, th e  w a lls  of the  holes* a tivin bore ooramic sleeve of 
0,056 inoh diam eter van pushed up to  the  bead, A drop o f s i lv e r  emulsion 
(supplied  by Messrs Acheson C ollo ids Ltd*) on th e  thermocouple' bead before 
in s e r t io n  was used to  improve th e  therm al con tac t a t  th e  bottom  of the  h o le , 
The s i lv e r  emulsion should be app lied  a l i t t l e  libe ra lly*  so th a t  the  p a rt 
of the  oorando sleev ing  a lso  ge ts a ttached  to  th e  side  of th e  hole* rendering  
the  bond stronger*  Thermocouple elem ents, ou tside  the  tw in  bore eeramio 
8leav ing  wore kept separa ted  f i r s t  by a s in g le  bore ceram ic tub ing  and then  
by à R e fra s i l  s le e v in g .
In  oaso o f th e  ^  inch th ic k  s te e l  model, a l l  therm ocouples, 
fix ed  by means o f lead p e n c il ,  were used in  th e  main t e s t .  L ater on g 
however, one o f th e  them ooouplos in  th e  loading edge ho le  (% ,« ^  inoh) was 
rep laced  by one w ith  th e  tw in boro cer&^nio sloovo to  find, i f  a tem peratuï*e 
g rad ien t e x is te d  across th e  th ic lm ess of th e  model. But t h i s  could not 
d e te c t any tem perature g rad ien t in  th a t  model»
?*2 *3 In su la tio n  of th e  bottom su rface  of th e  model
The model in  the  model support t ra y  (vide se c tio n  S .6) did not 
r e s t  on i t s  bod, but in  o rder to  avoid the  heat lo ss  duo to  conduction, i t  was 
supported on four po in ted  alumina ro d s , one a t each corner* Thus th e  a c tu a l 
support was reduced to  fou r p o in ts  on ly . The alumina rods wore fix ed  in  the  
aluminium a d ju s tin g  screws which sa t on th e  bed o f th e  model support box*
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The hoat Ions th ro u g h  oonduo tioa  w as, th u s ,  m inim ised to  a nogX lgiblo q u an tity *
But s t i l l  th e  h e a t lo s s  th ro u g h  r a d ia t io n  from  th e  bottom  su rfao o  could  ta k e
p la o o , w hich, o f o o u rse , booaus© o f su rfa c e  being  po lish ed *  would bo sm all*
Aluminium f o i l  sup p o rted  on a f in e  copper w ire  mesh, was s lip p e d  below th e
modoXi ta k in g  oaro  t h a t  I t  d id  no t to u ch  th e  su rfa c e  o f  th e  m odel. In
f a c t ,  i t  was kep t about to  inoh below th e  lower surfaoQ o f  th e  m odel.
'
The aluminium f o i l  w ith  i t s  h ig h  r e f l e c t i v i t y  would r e f l e c t  most o f th e  h ea t 
r a d ia t io n  back to  th e  m odel. Thus, f o r  a l l  p r a c t i c a l  purposes* th e  lower 
su rfa c e  o f  th e  model cou ld  be assumed p e r f e c t ly  in s u la te d ,  w h ile  th e  o x id ise d  
to p  su rfac e  re c e iv e d  h e a tin g  from  th e  h e a tin g  elem ent *
By v i r tu e  o f th e  low o m iss iv ity  o f th e  s t a in l e s s  s t e e l ,  th e r e  i s  
rea so n  to  b e lie v e  t h a t  any h e a t lo s s  th ro u g h  r a d ia t io n  from  th e  p o lish e d  s id e  
fa c e s  would be n e g lig ib le *  The model in  i t s  working p o s i t io n  I s  shown in
f ig u re  7 .8 * 1 . F ig u re  7.8*8 shows th e  g e n e ra l arrangem ent o f th e  model on th e
su p p o rt t r a y  w ith  th e  r e f l e c t o r  in  p o s i t io n .
7 .8 .4  T ests  on th e  S ta in le s s  S to o l Models 
The experim ents were c a r r ie d  on in  a h ig h  vacuum o f  about 10“ ^ t o r r .  
The h e a tin g  wa« a p p lie d  g rad u a lly *  On each  model th re e  s e ts  o f rea d in g s  were 
ta k e n  fo r  th re e  d i f f e r e n t  r a t e s  o f  h e a tin g  o f 800 w a t t s ,  1000 w a tts  and 1200 
w a tta  o f th e  h e a tin g  elem ent * B u ff io lo n t tim e was allow ed f o r  each re ad in g  
to  ach ieve a s te a d y  s t a t e  o f tem p era tu re  * F in a l re a d in g s  were reco rded  only  
'When therm ocouple read in g s  were s te a d y  f o r  a t  le a s t  a q u a r te r  o f an hour*
The 03cporlmontal r e s u l t s  a re  g iven  in  ta b la i  7 .2 .8  to  7 .8 .4 .
In  o rd e r t o  f in d  th e  v a lu e  o f Q, th e  x'adiomoter re a d in g  was tak en





















FIG. 7 .2 .2 .  The g e n e ra l arrange-m ent of th e  model
and the  r e f l e c t o r .
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was tra îis fo r ro d  to  . any p o in t ^on th e  model • The h o a t in t e n s i t y  a t  th a t  
■point was determ ined  from th e  rad lom otor c a l ib r a t io n  c h a r t  g iven  in  ta b le  
0.4*1* From th e  h e a t  i n t e n s i t y ,  th e  va lu e  o f  Q. vms c a lc u la te d ,  u s in g  
Q a h e a t i n t e n s i t y  k \T ^ . ■ Caro was ta k e n  to  supply enough w a te r to  th o
r e f  lo o t o r ,  vacuum chamber, and th e  i'^adiometor to  keep them o o o l.
T est va lues o f  tem peratures in  a  ^  inoh th ic k  s ta in le s s  ‘s t e e l  model,
Distance from Depth of 




of •  50.35 
ft.lb ./ftJ /S /aeo
HeatingBlOOO watts 
Radiometer value
of — 66.14 
ft.lb /ftV S /eeo .
------------------------
Heating*» 1200 watts 
Radiometer value 
of -  79^2 
ft.lb/ft^/VsGO.
inoh inoh cleg, k deg. k
...................... . "" "'"'1
deg, k
4 -1 ,483.85 506.33....... . . .  531.42 Ia
f 485.68 506.23 531.14 1
B è 482,76 504.91 529.75a
■I 483.64 506,06 531.0
•& " -
%
1- 477.56 499.53 523.17
i 475.69 . 496.2 ' 519.66
i 476.22 496.78 520.32
è 469.88 409.36 511.34
J b f 469.94 409.56 511.54
eul & -
1 464.74 404.15 504.56
I60
TABLE 7*2.3
Test va lues o f tem peratures in  a & inoh th ic k  s ta in le s s  s te e l  model.
jEHstance from 
the  lead in g  
edge
Depth o f 
thermocouple 
hole
Heating«8G0 w atts  
Radiometer value 
o f -  5Q.35 
f t .  I b / f W  2 /gee .
Heating»1000 w a tts  
Radiometer va lue  
o f » 66.14 
f t . l b / f t V 2 / s e o .
Heating-1200 w atts  
Radiometer value 
o f -  79.22 
f t , l b / f t 3 /2 / s e o .
inoh inoh deg. k deg. k , deg. k j
X 1/16 498.31 529.82 552.62 i8 3/16 . 498.34 529.85 552.68  i
■1
1/16 , 496.60 527^68 . 550.24 1
3/16 ,1, 496.50 527.56 550.15 . ..
iD, 1/16 490.08 519.64 541 iO1b 3/16 *•
o§. 1/16 481.69 509.08 529.54
5/16 481.44 508.82 529.38
i k
1/16 - 471.96 497.04 576.11
3/16 471.70 496.88 516,00
C.8 l / l 6 465.07 „ , 490.08 , 508.41
pb 3/16 465.95 - 439.93 508.29
Test values o f tem perature
TABLE 7 .2 .4 '
8 in  a & inch  th ic k  s ta in le s s  s t e e l  model.
D istance from 




H eating»800 w atts  
Radiometer value 
o f ■ 49*6 
f t . lb / f t ^ /2 /g e o  #
Heating»1000 w a tts  
Radiometer va lue  
o f » 64 
f t , l b / f t 3 /2 / a e o •
Heating-1200, w a tts  
Radiometer value
o f -  77.12 
f t . l b / f  t3 /2 /a e o .
inoh Ho# deg. k deg. k deg. k
1 X 1 506.24 538.84 565.520 .....  2 . 505.86 538.60 563.33
A -.......1 ' 501.33 533.20 556;608 2 501.67 553.27 557.24
1#--...  -- --- r- .........
1 491.26 521.11 542.75
........ 2 _ : 491.24 521.10 542.74 .
2 | 1 478.03 505.45 526.052 478.34 505.20 525.61
ÏÎ.7. 1 461.90 486.10 503.68Pe 2 461.51 485.65 503.40
5 t
1 454.61 477.73 494.60
2 454.22 477,37 494.26
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7*2#5« T h e o re t ic a l  Tem pérature D is tr ib u t io n  in  th e  S ta in le s s  S te e l  Model s ; -  
In  th e  c a lc u la t io n  to  f in d  th e  temijora.ture d i s t r i b u t i o n  in  th e  
models# acco rd in g  to  th e  th e o ry  in  s e c t io n  2,3# an. e f f e c t iv e  v a lu e  o f  Q 
was n e c e ssa ry . In  o rd e r ,  to  g e t  th e  e f f e c t iv e  v a lu e  o f  Q# th e  v a lu e  o f  Q
o b ta in ed  from  th e  rad io m e te r re a d in g  was m u lt ip l ie d  by th e  e m is s iv i ty  o f
45th e  o x id ise d  s u rfa c e  o f  th e  s t e e l  models# average va lue  o f  which can be 
ta lïen  as 0,7*
I t e  average h e a t  c o n d u c tiv ity  o f  5,915 f t  l b /  ft/seo/*^K  was taken  
f o r  th e  range o f  tem p era tu res  o f  200 to  500^^0 i n  th e  m odels, ‘The c a lc u la te d  
v a lu es  o f  tem p era tu res  a re  g iv en  in  ta b le s  7*2*5 to  7*2,7* Doth th e  
ex p erim en ta l and th e  th e o r e t ic a l  r e s u l t s  a re  p lo t te d  in  f ig u r e s  7*2*5 to  
7 ,2*11 . By ig n o rin g  th e  h e a t  conducting  o f  the  s k in ,  th e  r a d ia t io n  
e q u ilib r iu m  tem p era tu res  wore a ls o  c a lc u la te d  and p lo t te d  in  th e  same f ig u re s  
f o r  com parison.
1‘H ie o re tic a l  ^ S ta in le s s  S te e l  models
D is tan c e  from 
th e  le a d in g
in ch
K eatin g  ** 1000 U a tts  
E f fe c tiv e  va lu e  o f
H eating  » 800 W atts 
E f fe c t iv e  v a lu e  o f
35.25 f t .  lb . /  I Q,-,46.30 f t .  l b . /  
ft"'/2/ SBO £ir/2/ seo









H eating  »  1200 V.W 
E ffe c t iv e  v a lu e  i 
Q,'*%55*45 f t .  lb .,  











Heating - 800 Watte 
Effective value of
Q - 35.55 ft. lb./
f t " * /^  aeo.
Heatings. 1000 Watts 
Effective value of
Cl - 46.30 ft. lb./
/ 2l  sec.
Heating - 1200 Watts 
Effective value of
Q » 55.45 ft. lb./
ft^/y" aeo.
inch degree K degree K degree K
0 463.25 500,00 927*85
■h 463.00 499.50 927.30
a
'Ü 462.20 496.58 922.97
I f 455.32 488,14 910*87
2@ 1 444.57 472.16 492.22
5a 433.63 458.80 477.14
5f 424.33 449.44 469.20
6 424.00 448.70 468.60
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T h eo re tica l a tu res  in  a  A inch th ic k  s ta in le s s  s t e e l  modol
3)istance from 
th e  Reading
edge
Heating » 800 Watts 
Sffeotive value of 
q  «  34*72 ft*  l b . /
ft^ /g  /s s o .
H eating  » 1000 Watts 
E ffe c tiv e  value o f 
Q #  44*0 f'^ J* Ih * /
f t  V 2 /  seo.
H eating # 1200 Watts 
E ffe c tiv e  value o f
% *, 54 f t .  lb .  /
f t  ' /2  /  see.
inch Degree K Degree K DegreeK
0 477*25 5 1 5 .0 944*0
è 476*00 514*4 543*1
1 f 467*42 505*0 5 3 2 ,0
1# -:452.'01 490*8 513*2
433*00 468*1 489*6
4 1 9 .6 447*05 464*
5 Ï 4 0 9 .27 435*17 450*35
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FIG.7.2.4.Temperature distribution in a stainless
steel model, t=0.5 inch,Q-46.30ft.lb/ft"Vsec.
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1 7 3
7*3*1 P rep a ra tio n  o f the  Models- Due to  in h eren t d i f f i c u l t i e s  o f 
d is to r t io n  and shrinkage in. m anufacturing a  oeraniic body, a f fe c tin g  the  
acouraoy o f the  shape and si%e o f the  model, a  s in g le  p iece o f 12 inoh x 6 inoh 
X inch  model could no t be ob tained  from the ceramic m anufacturing concerns*
The b igger th e  s iz e  o f the ceramic body, c a s t ,  more i s  the  chance of the 
presence o f  blow ho les and a lso  o f inhompgenity of the  s tru c tu re *  To overcome 
these  d i f f i c u l t i e s ,  two .pieces o f Frequent!t©  oeramic blocks 6 inoh x 6 inch  x  
0*45 inch  were ob tained  from Messrs* S te a t i te  Products Ltd*, one o f which was 
l a t e r  sawed in to  two equal p ieces o f 5 inch  x 6 inoh x 0*45 inoh# (6 inoh x  
6 inch  p iece o f F requen t!te  i s  the  la rg e s t  they can produce)* In  the  te s t#  
these  two p ieces were arranged; one on e i th e r  s ide  o f the  6 inoh x 6 inch x 
0*45 inch  p ie c e , thus making 12 in ch es , the  requ ired  t o t a l  w idth o f the model*
Two rows o f I  and §  inch  deep ho les and of the. same sizEes and 
lo c a tio n s  as fo r  the  inch  th ic k  s ta in le s s  s te e l  model ( se c tio n  7*2*1) were 
d r i l l e d  through one su rface  o f the oeramic model fo r  in s e r t in g  thermocouples*
The o th e r su rface  was p a in ted  w ith  a  paste  of lampblack and f ib r e f r a x  cement 
to  in c rease  the e m iss iv ity  o f the su rface , as the ceram ics, in  g e n e ra l, do not 
have h igh  e m iss iv ity , which was d e s ira b le  to  absorb the maximum ra d ia n t heat* 
Thermocouples were fix ed  in  the ceramic model in  the same way as 
described  in  se c tio n  7*2*2 fo r  the ^  inch  th ic k  s ta in le s s  s te e l  model. The same 
Eureka and Vacrome w ires o f 0.004 inch  diam eter were used fo r  the  therm ocouples,
7*3*2 Model support and In su la tio n  of the Bottom Surface ; -  Since the  oeramic 
model d id  no t c o n s is t o f only one p iece o f 12 inch  x 6 inch  x 0*45 inch , i t  
could no t be supported on the  head o f fou r oeramic po in ted  rods a t  the  fou r 
com ers as was done in  case o f s ta in le s s  s te e l  models ( se c tio n  7*2*3)* In
t h i s  case , a l l  the  th ree  oeramic p ieces re s te d  on two q u a rts  tubes o f 5/16 inoh 
diam eter, which were f ix ed  to  the  alum ihiuà a d ju s tin g  shrews (v ide sec tio n  7 .2 ,$ ) ,  
These aluminium screws were supported on the bed o f the bed, o f the  model support 
tray* Thus in s te a d  o f p o in t c o n ta c ts , th e re  ere  l in e  co n tac ts  in  case o f th e  
ceramic models* But w ith  the  poor therm al conductiv ity  o f quartz  (|< « 1*5 to
2 f t . lb / f t / s e o /^ K ) , heat lo s s  from the  model through co n tac t would be expected
:
to  be n e g lig ib ly  small*
Aluminium f o i l  below the model was arranged in  th e  same way as in  the 
case o f the s ta in le s s  s te e l  model (v ide seotiohu|*\2*5) to  r e f l e c t  the  ra d ia n t h ea t 
back to  the model*
7*3*5 T ests and R esu lts^- Using a  new r e f le c to r  whose c a l ib ra t io n  i s  given 
in  ta b le  6*2*2, t e s t s  on the ceramic model were c a rr ie d  on in  a  h igh  vacuum o f f  
about 10^^ t o r r  f o r  the  tliree  d if f e r e n t  r a té s  bf^ h ea tin g  o f 8001 1000 and
1200 w atts  o f the  h e a tin g  element* T est r e s u l ts  a re  given in  ta b le  7*3*1*
S u lly  and Waterhouse'^'^ gave a  value o f about 0*95 fo r  the  em iss iv ity  o f 
lampblack* But, in  the p resen t case , à  lower value of «0*80 was talien on the 
assumption th a t  mixing the lampblaok %d.th f ib re f ra x  cement might have a ffe c te d  
the  em iss iv ity  to  a c e r ta in  e x te n t. The value of Q obtained  on the  b a s is  o f 
rad iom eter read ing  was thus m u ltip lie d  by 0*80 to  o b ta in  an e f fe c t iv e  value of Q, 
which i s  given in  ta b le  7*3*2* A therm al co n d u ctiv ity  o f  0*65 f t  * I b / f  t/seo /^ K , 
quoted by Messrs* S te a t i te  and P o rc e la in  Products Ltd* was used in  the  c a lc u la tio n  
o f the th e o re tic a l  tem perature o f f ig u re  7*4*4* I t s  v a r ia t io n  w ith  the 
tem perature was n o t known, but fo r  the  tem perature range o f 250 to  300*^ 0 an in c rease  
o f about 155^  was assvraed in  the  th e o re tic a l  c a lc u la tio n  o f tem peratures given in  
ta b le  7*3*2* Values o f tem pera tu res, c a lcu la te d  according to  th e  theo ry , are  
a lso  given in  the  same ta b le  7*3*2* Temperature d is t r ib u t io n s  on the  model, 
experim ental as w ell as th e o re tic a l  and fo r  oomparison, the  ra d ia t io n  equ ilib rium  
tem perature, a re  p lo tte d  in  f ig u re s  7*5*1 to  7*5*3 fo r  the d if f e r e n t  va lues o f Q 
obtained  from the d i f f e r e n t  r a te s  o f  h ea tin g .
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7» 4* Temperature d is t r ib u t io n  in  the OonduotiaQC Skin Modela fo r  the  
D iffe re n t Values o f Q.» K and E.
In  se c tio n s  7#2 and 7*5# Quoted values o f E and K and the  
measured values o f Q measured by the  radiom eter have been used to  
ca lo u la ted th e  th e o re tic a l  tem perature d is t r ib u t io n  in  the models. But 
th e re  a re  reasons to  b e liev e  th a t  th e  models* own va lues o f E and K 
migjat not be e x ac tly  the  some as tlie average quoted ones, For in stan ce  
the e m iss iv ity  o f the su rface  w il l  depend on 'the degree o f roug^iness, 
tem perature o f  ox id a tio n  ^  depth o f the  oxide f ilm  formed on the  su rface  ^  
e tc .  B esidesj the  em iss iv ity  may a lso  vary w ith the  tem perature o f the 
models.
S im ila r ly , the  v a r ia t io n  of K w ith  the tem perature i s  w ell loiown, 
For the s ta in le s s  s t e e l ,  i t s  values o f 5,37 a t  and 4*51 f t*  l b / f t /  
seo/^K a t  JOoPo only were known and hence exact n a tu re  o f the  v a r ia t io n  
could n o t be determ ined. F or, F requen t!te  ceramio average value o f K of 
0*65 f t*  l b /  f t /  see  /  only was îcnown and i t s  v a r ia t io n  witii the
tem perature oould n o t be a v a ila b le .
C erta in  e r ro rs  can a ls o  be expected in  the  measux'ement o f Q, by 
the radiom eter as w ell as in  the subsequent c a lo u la tio n  o f the e f fe c t iv e  
value o f Q by using  a  quoted value o f E fo r  the  top  su rface  o f the model, 
The c a l ib ra t io n  o f the radiom eter i t s e l f  i s  l ia b le  to  c e r ta in  v a r ia tio n  
w ith  u se , due to  the d ep o sitio n  o f the evaporated p a r t ic le s  from the 
h ea tin g  elem ent on the d i f f e r e n t  p a r ts  o f the rad iom eter. Secondly, 
talcing the measurement o f the h e a t in te n s i ty  a t  one p o in t by the 
radiom eter and then t r a n s fe r r in g  th is  read ing  w ith  the h e lp  o f c a l ib ra t io n  
curve o f the  r e f l e c to r ,  i s  l i a b le  to  induce acme e r r o r s ,  T h ird ly , when
ISO
c a lc u la t in g  the  e f fe c t iv e  value o f  Q, a  quoted value o f  E (assumed 
value in  case o f ceramio model) i s  used , which mi^ÿit have c e r ta in  
e r ro r s .
Under th ese  c ircum stances, i t  appears d e s ira b le  to  s e e , how 
tlie th e o re tic a l  tem perature d is t r ib u t io n ,  c a lc u la te d  \ ; i th  the  h e lp  
o f  c e r ta in  reasonably  ap p ro p ria te  assumed values o f  Q, K and E compare 
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CHAPTER V III
DI8GU88I0U OF THE RISULTS AhD COHOLUSIOH
Ü.1 O bservationsi* By prov id ing  a hea tin g  s im ila r  to  th e  aerodynamic 
h ea tin g  a t  hypersonic speeds j, t e s t s  were performed on the  conducting sk in  
.models o f s ta in le s s  s te e l  and ceramic o f d if f e re n t  th ick n esse s  (chapter 
V II) to  study th e  tem perature d is t r ib u t io n  and fin d  th e  v a l id i ty  of the  
one-dim ensional hea t conduction th eo ry , described  in  se c tio n s  and S .3 . 
Bscperimental as w e ll as th e o re t ic a l  p red ic tio n s  of tem perature d is t r ib u t io n  
in  the  models have been p lo tte d  in  f ig u re s  of chap ter VII* By n eg lec tin g  
the  heat conduction througli the  body and by balancing  th e  aorodynamio heat 
input w ith  th e  ra d ia n t hea t o u tp u t, th e  ra d ia tio n  eq u ilib riu m  tem peratures 
have boon c a lc u la te d  and p lo tte d  in  the  same f ig u re s  * those r e s u l ts
the  fo llow ing observations oan be madoj-
1« The n a tu re  o f th e  curve of tem perature d is t r ib u t io n  in  th e
conducting sk in , p red ic ted  by th e  theo ry  of se c tio n  2 ,3 i s  in  e x ce llen t 
agreement w ith  th a t  of the  experim ent, in  th e  aerodynamic h ea tin g  range of 
th e  te s ts *
S* The ra d ia t io n  eq u ilib riu m  tem perature a t th e  nose reg ion  is  much
higher than  both th e  experim ental and th e o re tic a l  p red ic tio n s*  On th e  o ther 
hand, overywhoro moz^ e than  about an inch away from th e  nose, th e  ra d ia t io n  
eq u ilib riu m  tempei’Utures are  lower * This c le a r ly  shoves th a t  a s ig n if ic a n t  
amount of hea t i s  conducted away by th e  sk in  fi*om the  nose reg io n  to  th e  
down sti'oam p a r t  of tho  hypersonic body*
3 . In none o f th e  t e s t s ,  the  th e o re tic a l  and th e  t e s t  values of
tem peratures agree a b so lu te ly .
1 8 6
4# ' Subject to  the accuracy o f the measured values o f % and the quoted
values o f and fo r  the  s ta in le s s  s te e l  models,
(a) f ig u re s  drazm in  se c tio n  7*2 show th a t  the t e s t  va lues o f tem peratures 
are h igher than the th e o re tic a l  p red ic tio n s  on the average about 5 to  5 
per cen t in  the nose reg ion  and 3 to  7 per cen t n ear the rear-end .,
(b) The d iffe re n c e  between the  th e o re tic a l  and the t e s t  va lue  of tem peratures
i s  l e a s t  a t  the lead ing  edge and i t  goes on in c re a s in g  towards the rear-end? 
and
(o) Higher the  r a te s  o f h ea tin g , le s s  i s  the d iffe ren ce  between the th e o re tic a l  
and the t e s t  va lues o f tem peratures*
5. There i s  a sm all tem perature g rad ien t observed across the th ickness
o f the  conducting skin* In  the  case o f the inch  th ic k  s ta in le s s  s te e l  
model, the g rad ie n t i s  about 1 to  1*3°C per inch  fo r  Q ■* 35*23 to  55*45 f t . l b /  
ft*  /Seo* In  the case o f the ceramic model, the g rad ie n t i s  a  b i t  h igher,
2 to  4*^ 0 per inch fo r  the s im ila r  range o f values o f Q. However, th is  i s  
very sm all compared to  the lo n g itu d in a l tem perature g rad ie n t in  the model*
6* Theory in  se c tio n  2*2 p re d ic ts  th a t  the re fe ren ce  tem perature in  a
conducting sk in  measured in  the b asic  u n i t  o f 0 should be in v e rse ly  p ro p o rtio n a l 
to the th ir te e n th  ro o t o f the  -tliiclmess* This g ives a  value o f 1*054 fo r  the 
r a t io  o f the nose tem peratures in  the J  inch  th ic k  s ta in le s s  s te e l  model 
(se c tio n  7 .2 ) to  th a t  in  the -J- inch  th ic k  (se c tio n  7#2). But the t e s t  values 
o f tem peratures give r a t io s  o f 1*019» 1.0246 and 1.025 fo r  the h ea tin g  r a te s  o f 
800, 1000 and 1200 w atts o f  the  h ea tin g  element re s p e c tiv e ly . This shows th a t  
h igher the r a te s  o f h e a tin g , b e t te r  i s  the  agreement between the experim ental 
values and the th e o re tic a l  predictions*.
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7# 'W ith in  tho  rang© o f th o  f in e  no so z*atio8 o f  th o  e ta inX ess s te e l
m odels te s te d ^  i . e .  IS to  4 8 , éoîüparisoîz o f th e  t e s t  r e s u l t s  w ith  th e  
t h e o r e t i e a l  p re d ic t io n s  does no t show any e f f e c t  o f  th e  f in e n e s s  r a t i o  
on th e  r e s u l t s .
8 .  E quation  (S .3#7 ) prod l o t s  th a t  th e  nose temperature In  a  uniform
th io lm ess  oonduoting s k in  v a r ie s  a s  In  tho  case  o f  h a l f  inch  th ic k
s ta in le s s  s t e e l  m odel, t h i s  g iv es  v a lu es  o f  1*087 and 1#0S7 fo r  th o  r a t io s  
o f nose tem p era tu re s  a t  th e  h e a tin g  r a t e s  o f 1000 and 800 w a t t s , and 1200 
and iOOO w a tts  o f  th e  f lla rao n t re sp e c tiv e ly *  The co rresp o n d in g  v a lu es  from 
th e  t e s t  r e s u l t s  a re  1*0466 and 1*0498* This a g a in  shows th a t  th o  h ig h e r 
r a te s  of h e a tin g  su p p o rt h o t t e r  the th e o r o t io a l  p ro d ic tio u B  o f tem p era tu re  
in  th o  conducting  skin*
9 * In  th o  case o f  th e  Ceramic m odel, th e  ex p erim en ta l tem p era tu re  in
th o  nose region i s  low er than th e  th e o r e t ic a l  temperature, b u t ewsqr from  th e  
nose re g io n  i t  i s  h ig h e r  (v ide  f ig u re s  7*3*1 to  7*3.3)*  This c o n d itio n  
rem ained s im ila r  even a f t e r  th e  th e o r e t ic a l  tem p éra tu res  were c a lc u la te d  
w ith  s l i g h t l y  h ig h e r  v a lu es  o f  Q and g ( f ig u re  7 .4*4)*
10* T h e o re tic a l  tem peratvu’e d is tr ib u tio n !  in  s t a in l e s s  s t e e l  models
c a lc u la te d  w ith  assumed h ig h e r v a lu es  o f Q and c  ( f ig u re s  7 .4*1 and 7*4 .2 ) 
s t i l l  shows th a t  th e r e  i s  a good amount o f egreomont In  th e  n a tu re  o f the  
t h e o r e t i c a l  p r e d ic t io n  o f tem p era tu re  d i s t r ib u t io n  and th e  ex p erim en ta l one* 
The o][perim8%ital temperature d i s t r i b u t io n  curve shows that s l i g h t l y  h ig h e r 
amount o f  h e a t i s  conduoted m m j from th e  nose re g io n  th a n  p re d ic te d  by th e  
th e o ry . However, t h i s  does n o t have much im portance beoauGO th e  theoretical
1G.
tem p era tu re  d i s t r i b u t io n  i s  bused on assumed v a lu es  o f  Q and £ #
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11 , F ig u re  7»4*3« was drawn to  f in d  th e  e f f e c t s  o f  a  a l ig h t  v a r ia t io n
in  th e  therm al c o n d u c tiv ity  o f  th e  conducting  sk in  on th e  n a tu re  o f  th e  th eo ­
r e t i c a l  tem pera tu re  d i s t r i b u t io n .  But t h i s  f ig u re  shows th a t  th e  n a tu re  o f 
th e  tem peratu re  d i s t r i b u t io n  curve rem ains th e  same f o r  a l l  p r a c t i c a l  p u r­
poses f o r  a  sm all v a r ia t io n  o f  c o n d u c tiv ity  o f  th e  skin#
8,2  D iscu ssio n s  o f  th e  R esu lts
In  s p i t e  o f th e  ex p erim en ta l v a lu e s  o f  tem p era tu res  b e in g  h ig h e r  
th an  th e  th e o r e t ic a l  ones, ( f o r  measured v a lu e s  o f (^ )  f o r  which rea so n s  a re  
d isc u sse d  below, a good agreem ent in  th e  n a tu re  o f  t h e i r  cu rv es , in d ic a te s  
how w ell th e  th eo ry  p r e d ic ts  th e  a c tu a l  tem peratu re  d i s t r ib u t io n  i n  a  
hyperson ic  body, T his c le a r ly  dem onstra tes t h a t  h e a t c o n d u c tiv ity  o f  a  
m a te r ia l  may n o t be im p o rtan t i n  th e  downstream reg io n  o f  a  h y p erso n ic  body, 
b u t i t  i s  an im p o rtan t f a c to r  in  red u c in g  th e  nose tem p era tu re  to  a  c o n s id e r­
ab le  low er v a lu e . B es id es, i t  w i l l  n o t a llow  a s te e p  tem p era tu re  g ra d ie n t 
to  e x i s t  i n  th e  nose re g io n , as  in  case  o f th e  g e n e ra lly  assumed r a d ia t io n  
e q u i l i b r i a  tem p era tu re  d i s t r i b u t io n ,
There a re  c e r ta in  reaso n s  f o r  th e  th e o r e t ic a l  p r e d ic t io n  o f  
tem p era tu res  to  appear low er than  th e  experim en tal ones* F i r s t  o f  a l l ,  in  
th e  th eo ry  ( s e c t io n  2 .2 ) ,  th e  am bient h e a t g a in  by th e  conducting  sk in  has 
been n e g le c te d . Of co u rse , t h i s  i s  f u l l y  j u s t i f i e d ,  because i t  i s  n e g l ig ib le  
i n  com parison to  th e  aerodynam ic h e a tin g  a t  h ig h  Much numbers o f  f l i g h t ,  But 
under th e  c o n d itio n s  o f  th e  p re se n t experim en ts, th e  c o n tr ib u tio n  due to  am bient 
h e a tin g  i s  n o t n e g l i g i b l e . . I f  t h i s  i s  tak en  in to  acco u n t, th e  h e a t balance 
eq u a tio n  (2 ,2 ,1 )  becomes
'I  ï l e W  _ . . . ( 8 . 2 . ! ^ )
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whero Ta is  th e  am bient to m p o ra tu ro «
Tho non-dim onsional form of t h i s  e q u a tio n , f o r  a un iform  th ic k n e ss  
sk in  oan he oxproseod as
(p> — — (^a" «• — — *" ®* 6*S *1
d
Follow ing Honv/oilor»s method (so o tio n  2*3) i t  oan he so lved  on a 
Computer by a ss ig n in g  d i f f e r e n t  v a lu es  o f  Cjjuu But one should roraombor t h a t  
fo r  each  value o f (%o, th e r e  "would be several values of ^  and hence a fam ily  
of solutions would he o b ta in ed  fo r  aziy value of
However, a rough e s tim a te  o f  th e  e f f e c t s  o f th e  am bient h e a tin g  on 
th e  tem p era tu re  o f th e  model can bo mado approxin iato ly  by n u m erica lly  so lv in g  
th e  e q u a tio n s  (2*3* la) and (8 .8 .1 )  a t  a  s u i ta b le  v a lu e  o f 5 and th e n  
comparing th o  r e s u l t s ,  For a h e a tin g  elem ent power o f 1800 to  800 w a t ts ,  
t h i s  shows th a t  am bient h e a tin g  Inm^eases th e  nose temporatm^e in  th e  model 
a t  l e a s t  by 1 to  2 p e rc e n t , whereas th e  oori^esponcling t e s t  v a lu es  of 
tem p era tu res  in  th e  s ta in le s s  s t e e l  models a re  about 3 to  5 p e rce n t h ig h e r  
th a n  th e  th e o r e t i c a l  p r e d ic t io n s •
The c o n s id e ra t io n  o f th e  am bient h e a tin g  e x p la in s  a ls o  th e  l e a s t  
d if fe re n c e  betw een th e  e scpe rim an t a 1 and th e  t h e o r e t i c a l  v a lu e s  o f  tem p era tu res  
a t  th e  lead in g  edge ? whore due to  th e  r a d ia n t  h e a tin g  from  th e  h e a tin g  
elem ent b e ing  maximum, the . p ro p o rtio n a l c o n tr ib u tio n  due to  th e  ambient 
h e a tin g  i s  le a s t*  The same I s  t r u e  i f  th e  r a t e  of h e a tin g  i s  h ig h e r#
S econdlyg th e re  i s  some chance o f th e  a c tu a l  h e a tin g  r a t e s  on th e  
model be ing  h ig h e r  thm i th e  one measured by th e  ra d io m e te r . This i s  
because durizzg th e  c a l ib r a t io n  o f th e  r e f l e c to r  by th e  ra d io m e te r , th e  
r a d ia n t  h e a t from th e  b o a tin g  elem ent i s ,  more or le s s  e n t i r e ly ,  absoz’bed
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when th e y  ai'© In c id e n t on th e  base p la te  or on th e  w a lls  o f  th e  ehamber. 
But w ith  th e  model in  p o s i t io n ,  i t  r a d ia te s  out i t s  own h e a t ,  A lso th e  
p o r tio n  o f  th e  h ea t from th e  h e a tin g  e lem en t, which ie  in c id e n t on th e  
model i s  r e f l e c te d  back because i t s  e m is s iv ity  i s  no t u n i ty ,  A c e r ta in  
percen tage  o f th e se  h e a ts  would be r e f le c te d  a  number o f tim es  on th e  
su rfa c e  o f th e  r e f l e c t o r  and some o f them would e v e n tu a lly  oomo back to  
th e  model again* Of c o u rse , when th e  r e f l e c to r  was designed  i t  was 
tak en  in to  account t h a t  th e  r e f l e c t o r  d id  not make a s o l id  ang le  a t  any 
p o in t on th e  model o f  more th a n  10 p e r cen t o f  B ïï ,  so t h a t  i f  th o  
r e f l e c to r  r e f l e c t s  back to  t h a t  p o in t 10 p e r c en t o f  th e  z’a d ia t io n  
rec e iv ed  by i t  from  th a t  p o in t ,  only 1 per cen t w i l l  a c tu a l ly  come back 
to  t h a t  p o in t on th e  model# Howevcu', th e  d e te rm in a tio n  o f  th o  ex ac t 
amount o f  t h i s  r a d ia t io n  coming back to  t h a t  p o in t on th e  model I s  very  
com plicated  and could n o t be e s tim a ted  e x a c t ly .
A l i t t l e  d iffe z ’oncQ in  th e  th e o r e t ic a l  and ex p erim en ta l v a lu es  
o f tem p era tu res  oan a lso  be a sc r ib e d  to  th e  in s tru m e n ta l e r r o r s ,  such as 
in  th e  c a l ib r a t io n  o f th e  rad io m e te r and in  th e  f u r th e r  measurement o f 
th e  h e a t in t e n s i t y ,  e tc * ,  th e  reaso n s  foz’ ivhich have a lre a d y  been 
discuB sed in  section 7 .4 ,  S im ila r ly  v a lu es o f £ and K , token  from 
o th e r  souroQs, may no t be ta k e n  as a b s o lu te ly  c o r r e c t , A sm all e r ro r  
in  them , w i l l  a ls o  induce c e r ta in  e r ro r  in  th e  o a le u la t io n  o f  th e  
th e o r e t ic a l  tem p era tu res*
A very  d e f in i t e  co n c lu s io n  oan no t bo d e riv ed  from a sm all 
tem p era tu re  g ra d ie n t measured ac ro ss  th e  th ic k n e s s  o f th e  ^  in ch  th ic k  
s t a in le s s  s t e e l  and coramio m odels, This i s  because always th e re  i s  
a l ik e l ih o o d  o f  a sm all q u a n ti ty  o f h ea t b e ing  lo s t  from  th e  lower 8uz*face 
o f th e  model due to radiation* Of course, the aluminium f o i l  arrangsd
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below th e  lower su rfa c e  o f th e  model would r e f l e c t  th e  r a d ia n t  h e a t back 
to  th e  m odel, b u t s t i l l  i t  w i l l  absorb a p a r t  o f t h a t , This argument 
a lso  e x p la in s  th e  e x is te n c e  of a greatez" tem p era tu re  g ra d ie n t observed 
in  th e  ceram ic model th a n  t h a t  in  th e  s ta in le s s  s t e e l .  The lower 
su rface  o f  th e  s ta in le s s  s t e e l  model was h ig h ly  p o lish e d  and hence th e  
r a d ia t io n  o f h e a t was much lo ss  th a n  th a t  from th e  ceram ic model duo to  
th o  lattez^ hav ing  a highez' o m ie s iv ity  of th e  lower s u r f a c e ,
8,3  Gone lu  8 ions and S uggestions fo r  th e  F u rth e r  W orks- From t h e . t e s t s
perform ed on th e  conducting  s k in  models o f s ta in le s s  s t e e l  and oerarnior. 
(s e c tio n s  7*8 to  7 ,8  ) i t  i s  q u ite  obvious t h a t  th e  th e rm a l c o n d u c tiv ity  of 
m a te r ia l  i s  an im portan t medium fo r  t ra n s p o r t in g  th e  h e a t from  th e  nose 
re g io n  to  downstream p a r t  o f  th e  body su b jec te d  to  aerodynamic h e a t in g .
The g en e ra l p r a c t ic e  o f a d ie t in g  th e  tempa r a tu r e  o f a  hypersonic body 
by n e g le c tin g  th e  conduction  o f h e a t th rough  i t s  s k in  i s  com pletely  
unfoundedI e s p e c ia l ly  in  th e  lead in g  edge r e g io n . The conducting  sk in  
lead in g  edge tem p era tu re  i s  much lower th a n  th e  p re d ic te d  r a d ia t io n  
e q u iiib riiim  tem p era tu ro  o f  a  non-conducting  s k in .
In  s p i te  o f a l i t t l e  d isc rep an cy  in  tho  v a lu e s  o f th e  t o s t  end 
t h e o r e t i c a l  temperatures# the t o s t  r c s u l t a  o s ta fo lish , beyond d o u b t, th o  
v a l id i t y  o f  th e  th e o ry  d o scrib ed  in  se c tio n s  S,B and S ,S , w ith in  tho 
ranges o f v a lu es  o f  Q, ÎC and Z o f  th e  t e s t s .  However, i t  i s  Im portant 
to  f in d  th e  c o m p a tib il i ty  o f  th e  th e o ry  a t  h ig h e r im tes o f  h ea tin g #  T ests  
a t  h ig h e r  le v e l  o f  b o a tin g  w i l l  have th e  advantage of having p ro p o rtio n a te ly  
le s s  e f f e c t  o f  th e  background rad ica tio n  on th e  tem p era tu re  o f th e  model and 
th u s  w i l l  enab le  th e  t e s t  to  compare i t s  va lu e  w ith  th e  th e o r e t ic a l
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p ro d lo tio n s  more p ro c ls e ly .
In o rd er to  in o ro ase  th e  h e a tin g  on th e  m odel, a  f u tu re  work on 
t h i s  problem should a ttem p t bo th  to  f in d  means to  © lim inate  th e  w aste o f  
a v a i la b le  r a d ia n t  h e a t g beyond th o  h o t end of th o  moc5ol and a ls o  to  inoroaso  
th e  h e a tin g  power o f th e  f i la m e n t.  In  ordez" to  in o reaso  th o  h e a t ou tp u t o f 
th e  f i la m e n t,  f u r th e r  work on th o  l in e  adopted in  s e c t io n  6 ,5  can be pursued, 
The f ib r e f r a x  cement does no t work above 1B60°0 and hence a s u i ta b le  cement 
to  p rov ide a f irm  bonding o f th e  lam pblack above 1B60°0 would be aeedod, 
Binoe even th o  h ig h  p u r i ty  n ic k e l  i s  no t s u i ta b le  fo r  a p p l ic a t io n  in  n h igh 
vacuum above 1100°0, one o f th e  r 0fraotoi*y m etals  such as  molybdenum, 
tim g ste n  e t c . has to  be t r ie d *  In  s e le c t in g  th e  m e ta l, one having  th e  
therm al expansion  noos’ei  ^ to  th a t  of th e  lam pblack w i l l  enab le  th e  lam pblack 
to  adhore to  i t  b e t t o r ,  W ith n ic k e l ,  i t  was p o s s ib le  to  o x id ise  th e  w ire  
to  in c re a se  th e  adherence o f  lam pblack on i t s  s u rfa c e , bu t t h i s  w i l l  no t bo 
p o s s ib le  w ith  any of th e  r e f r a c to r y  m e ta ls , because ox ides o f none o f them 
adhere to  th e  base m etal beyond 1200^0, However, i f  a  s u i ta b le  cement i s  
found, o x id is in g  o f th e  m eta l w iro  m ight no t bo necessary#
Means to  reduce tho  slow ovapos'ation and b u rn ing  ou t o f tho 
lam pblack a t  th e  h ig h  tempoz^atures o f llOO^o and above has to  be found o u t.  
This i s  a menace as i t  j’oduoes th e  l i f e  o f th e  f i lim en t as w e ll  as i t  
ta rn is h e s  th e  .h ighly  p o lish e d  su rfao c  o f  th e  r e f le c to r #  D iffu s io n  o f a i r  
m o lecu les , o u tg ass in g  o f th e  vacuum ohambor# m odels, r e f l e c t o r  and o th e r  
equipment in s id o  th o  chamber, p rov ide  enough osygon m olecu les fo r  th e  
gi'adual b u rn in g  o f th o  lam pblack. Use of some s u i ta b le  ’gettez 's® , having  
h igh  a f f i n i t y  foz’ th e  oxygon m olecu les, i s  expected to  reduce th e  burn ing  
o f th e  lampblack#
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In  view o f  th e  e x c e l le n t  agreem ent in  th e  n a tu re  o f  th e  t e s t  
tem p era tu re  d i s t r i b u t i o n  in  th e  uniform  th ick n o so  co nducting  s k in  and 
lon?Joilor®s th eo i’e t i c a l  p ro d io t io n , i t  w i l l  be in t e r e s t in g  to  in v e s t ig a te  
fm *thor th e  tom poratu re  d i s t r i b u t io n  in  conducting  sk in s  o f d i f f e r e n t  
geom etry, t h e o r e t ic a l  s o lu t io n s  fo r  which a re  a v a i la b le  in  Eonweiler® s
OOwork#^*^
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Z.ORH « iîa n ’l ' ^ j
w here. OT i s  n o m ia l a t  R and 0 i e  th p  a n g le  su b te n d e d  w ith  
OX by th e  r a d iu s  r  o f  th e  r e f l e c t o r ,
6 = Z - 01® -  Z'DHH o  6> _  cDj
~  ,  8 1 a  y
« W »  É  f l p w i  , 1 ,  „ W , I I  , #  I  i n — -
^  “* O o s i f )  $ , # ( A -  1 )
'^ h
m -  0 -  % *• 2 taiT*^
l i m i t  o f  ^
-  r  s i n 0
üan w   *1
1 ^ Oq S0
d ro r
2 b a i~ '’ )





îi. ( 4 p )  a s  d e fin ed  by equationC 4#2.4)
B ÎS3
A
as  d e fin e d  by e q u a tio n  (4*2.11) 
and ^ h e a t  i n t e n s i ty  o f a p o in t source
The t o t a l  amount o f h e a t  r a d ia t io n  e m itte d  over 
th e  su tfa c e  from t o -  YC o f th e  h e a tin g  elem ent can be 
ex p ressed  from
2 % %
U sing Lam bert^s Ooeino law® the  i n t e n s i ty  of 
t h i s  h e a t  experienoed  a t  a p o in t R on th e  r e f l e c t o r ,  can 
be g iv en  a s ,
0^ q ' Oos (V' + 0 )
%
I f  th e  h e a t  em itte d  from the  su rfa c e  o f the  
h e a tin g  elem ent o ver an a rc  dw^  f a l l s  o ver dx^ abou t P.j 
on tho piano o f  i r r a d i a t i o n , th e n  the  r a d ia t io n  in t e n s i ty  
p e r  u n i t  a re a  on th e  p lane o f i r r a d i a t i o n  can be exp ressed  
a s ,  ^
I  Cos ( Y t  0) cl Y
% /  . 1
= qV° j cios (y-i- e dV' . . . (  A ™ 2)
s in ce
% ; '0
dw. Cos CO I where dto. i s  th e  sub tend ing
x; DR 4 RP^
an g le  o f th e  o.rc dx^Oos #
i n  c h a n te r  XVa the  d i r e c t  r a d ia t io n  from
1 9 7
the heating* element on th e  plane o f ir r a d ia tio n  i s
z  — . ♦ • • (A  - 3 )
Adding ( a - 2) and (A-3) &nd eq u a tin g  the  sum to  th e  aerciynamic 
h e a t in g  (egn«4#2*2,) th e  ex p re sa lo n  becomes,
g-Y  ^ 1 Bp t  t x  (, ;
o r ,
Jfo  f \COS w, . ___a
"  Yo
1 • é • (a -4 )
2Jj  ^S
The in te g r a tio n  term o f  equation  (A-4) can be fu rth er  
expanded as follows*-^
Prom equation (A*^ 1 ) ,
~ Cos Y 1
0 0 8  (Y 'K  a ) = ,............ .. ... - r g ' — r s " )
I « - s  Gosy) *j* s in  vy j
Go b  CO. Go b  ( w -  0 )
Cos w ( o a  Y ) -?• Sinc^ S in  Y
I - • G ob Vy^  4' Sin" Y (
h i  )
, „p ^ .). a  -  gCoa 0
+  “  m s r  - i m v y -
Tj^ Gos Cos If)  ^ -i- Sing-^ (a „ -r  Q.oe 0)
Goa CO.
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o r OOB w
1
r|.^00Q w.1 r  #  -  O o s V )^ +  rOosO )
I '"h ‘
{Oos m ( \  "
g-..- ^rj^Ooa co(-^ **Oost|^) ^ r j^ S in  fe? S in^^  •î{a«xOo80)]
!Dhe in te g r a t io n  term  , th e re fo re  $ can be w r i t te n  ae$
f ^ £  Gos4  ^ -  1) rC ob  i^ y (^  -  Ooay ) h* S in  m S inv )^  ^
w "^h .
™  j [(§  "" Cos If/ ) -}- fô(*| -CoBiK)-î*rj^Sin S ln 4^ 'î-a„« r  Coe
 ^ '^ii
«*« ( k  i f  )
ïh e  in te g r a t io n  o f ( A-5 ) i e  com plicated  and b a s  to  be done 
nnmerioall^r#  Bj d i f f e r e t i a t l n g  w ith  re s p e c t  to  r  and talcing  
m increm en ts over th e  ang le  , eq u a tio n  ( A -5) becomes@
W  ( |  Cob z i ÿ -  1) (c o s«  «  S ia  iiÿ  J  ^ | 1
|(^  -C os n|)^-f'B in^nfM r^00B to(-| -Oos n^)*î<r^Sin m S in  u p  
‘ h  J (- h
a^« r  Oos 0 } I ,**( A-6 )
1 9 9
E q u ation  ( A - 6  ) oan be w r it t e n  a s
Vo
r
# * # ( A*™*T }
w h o re ?
Y^_- M
E,. î:^  K ~  "•/!
( i c o s  n f  -  t ) ( ^ - C o s  n f  )'  ^ W ’^ X ^ / 3 , \r» /v r
"Az -"M
-Î- ( a_-^ r  Cos 0)
' (& )08  n | -  i ) f e  -Cos nij^lsin n f  '^h
F .  -  V  ~h  ^ r h  H  , ,L rT
lr\ z  ->v\ r.h
®'|Ç|^ G08  # 0 8 n ^ ) 4'r^ S in w  S in  n




# 0 8  n f  - 1 )  S i n ^ n l  . 1  ^  )
     ^     „—,      — „
-OOB n|)‘^ ‘hSin n|j'^|^rj,^CoB Oos nf)-î* r^ S in  m Bin n y
4' ( r  Goa 0 ) J
p
Eg i s  n e g l ig ib le *  S in ce  S in  n y  i s  v o iy  sm a ll compared 
to  th e  to m
9
U;.iu E - ,< <  E. $ eq u a tio n  ( A-7 ) oan be s im p lif ie d  to«5 I
Coe^w ( I , i f ®  " O  S ' ( &
■11
2
■yviz-Tl^  \ h
I - O o s  nip) { % Oo8 w(“  -C o b  n'î')-.’- ( a , - - r  Cos 6 ) ~ ]  
'  -'  ^ L '‘ "h J
In  the  i n t e g r a l  form i t  can  be w r i t te n  as 200
/ rf ^  0 0 ,8 ^  -  1 ) Coa"^ w d  Y 
V '^ h ^
Go b  V)
* # # (A -8)
rj^OoB -GobVJ t(ao4* r  Oos 0)]
I n  th e  denom inator o f t h i s  ecmation* th e  term
1^0OS 0) Cos V <  <c. ao and t? oan be dropped to  s im p lify  i t
fu r th e r*  Hence
%
f  ( | g o s ^ -  1) Cos^ to dY
V. " h
ts
" / “  -  OosV) { r  Cob w ❖ a„~ r  Cos
V*h '
2 I  0 0 8
h i
~1 / h x
% ( r  Oos CO 4- r  Goa 0 )
f * » (a -J* 9)
With ( A^9) ÿ e q w t lo n  ( /w4) becomes
7T
OOS^J [%  l i j  “  ■* "  ^ #
( r  Oos m 4- r  Oos 0 )
2 1 , 8 (Xi, 8
*  #  * (a •" 10)
With e q u a tio n s  (4»2*10)and (4#2*11)  ^ e q u a tio n  (A- 10)
form s th e  b a s is  f o r  c a lc u la t io n  Of th e  a^efleo to r p r o f i l e  on th e
Deuce Computer*
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In  f ig u re  (B -  1 )  ^ any p o in t on th e  r e f l e o to r
reGGives a bemn o f h e a t  r a d ia t io n  bounded by ra y s  and
OpR  ^ from th e  h e a tin g  elem ent o f ra d iu s  a t  0 and r e f l e c t e
i t  to  th e  p lane o f i r r a d i a t i o n  XI? a t  a  d ia tan o e  f ro #  0 •
She bounding ra y s  and GpE  ^ o f  the  beaia f a l l  a t  and
l\-j r e s p e c t iv e ly t  S im ila r ly  p o in t Rg on th e  ^’r e f l e c t o r  re c e iv e s  
a n o th e r  beam o f h e a t r a d ia t io n  bounded by ra y s  O^Rg and O^Hg 
frOBi th e  h e a tin g  elem ent and r e f l e c t s  i t  to  th e  re g io n  o f
th e  i r r a d i a t e d  p la n e , Shus i t  can  be a p p re c ia te d  t h a t  due to  th e  
p resence  o f r e f l e c t o r  p r o f i l e  from R^  to  Ep any p o in t  on
th e  p lan e  o f i r r a d i a t i o n  i s  ab le  to  re c e iv e  ae  r e f l e c t e d  ray s  
some p o r t io n  o f th e  h e a t  ra y s  r a d ia te d  from th e  re g io n  0,^  to  
0^ of th e  h e a tin g  elem ent# S im ila r ly  o th e r  p o in ts  on th e  p lane 
o f i r m d i a t i o n  w i l l  re ço iv e  r e f l e c te d  ra y s  due to  th e  p resence 
o f th e  o th e r  p o r t io n  o f th e  r e f l e c t o r  p ro f i le *
L et an  in f in i te s im a l ly  sm all re g io n  about the  
p o in t lij re c e iv e s  a s  r e f l e c t e d  r a d ia t io n  th e  ammmit of energy 
e m itte d  by th e  h e a t  source a t  0 over th e  a re  betw een (©2-*0 , |) i  
th e n  th e  t o t a l  r e f l e c t e d  h e a t  energy re c e iv e d  by 6% would be
- -  É 0 o -  0-.)2 %  ^ '"2
where J i s  th e  h e a t  i n t e n s i ty  o f th e  h e a t  source p e r  u n i t  
leng th*
I f  th e  smie re g io n  ôz abou t re c e iv e s  th e








e ia e r^  x^'eoeived from t h a t  shou ld  he added to  t h a t  from , ) *
Oi
re p ré s e n te  th e  r e f l e c t e d  h e a t  energy re o e iv ed  hy bx abou t * 
She d i r e c t  r a d ia t io n  re c e iv e d  by dx about P  ^ ivould
b e
Çt Ox , « a °
a ?  ( a f t  i a U
where
Shupjj th e  t o t a l  h e a t reeerived by Ox about l a
“^ v  ■*■ ( i y r ? 7  1
She i n t e n s i ty  p e r  im it. a re a  a t  w illb e  ^ th e re fo re ,
2 %
V  1- I . , ♦  ( B~3)
She aocuraoy o f  th e  f in d in g  o f th e  h e a t  i n t e n s i ty  a t  
any p o in t 3?^  w i l l  depend on th e  magnltn.de o f dx assumed*
15he l a r g e r  v a lu e  w i l l  in o re a s e  th e  r e l a t i v e  im portance o f  th e  
d i r e c t  r a d ia t io n  team , w hereas th e  omallea? Ôx w i l l  a s s e s s  
mère p r e c is e ly  th e  h e a t  in te n e i ty  due to  th e  r e f l e c t e d  i^ays#
In n  th e  r e f l e c t o r . o f  the type be ing  designed  w ith
and eo on , tho^ d i r e c t  r a d ia t io n  term  i s  n o t
oomparalrle to  th e  r e f l e c t e d  r a d ia t io n  terra* 3?or exam ple, in
th e  m u lti-cu r\m  r e f l e c t o r  o f ta b le  a t  th e  c o ld  end o f
th e  piano o f i r r a d i a t i o n  the  p ro p o r tio n a l  c o n tr ib u t io n  o f th e
0 ^d i r e c t  r a d ia t io n  i s  abou t  ^ whereas th e  r e f l e c te d
r a d i a t i o n  i s  a b o u t  0 * 5  * f h i s  i s  b a s e d  o n  5 x  e q .u a !  t o
2 0 4
0*8 inoh* ^him i t  shows t h a t  th e  d i r e c t  r a d ia t io n  term  on th e  
co ld  end a id e  o f th e  p lane  o f i r r a d ia t io n ,  i s  sm all b u t no t 
n e g l ig ib le  , though , ’îdia p rocedure  o f t e s t i n g  a  re f lo o t.o r  becomes 
much e a s ie r  by n e g le c tin g  th e  p a r t  due to  th e  d i r e c t  ra d ia tio n *  
B e s id e s , in th e  num erical, example oonaidered  h e re  , th e  v a lu e  of 
0*8 inch  tak en  f o r  Ox i s  too  la rg e*  lliia sm a lle r  v a lu e  o f Ox 
W i l l .show th a t  th e  p ro p o r t io n a l  c o n tr ib u t io n  o f th e  d i r e c t  r a d ia t io n  
term  i s  much le s s*  tOherofore, f o r  th e  sake o f s im p lify in g  th e  
?jork on th e  com puter f o r  ev o lv in g  a most s u i ta b le  p r o f i l e  o f a 
m ulti-^curve r e f l e c t o r  and' t e s t i n g  o th e rsn  , th e  d i r e c t  r a d ia t io n  
t e r n  was neg lec ted*
fo  f in d  and 6^
le t*  the  r e f l e c t e d  raye  and zmke a n g le s  and
w ith  ZO (ex tended  , i f  n eceasa ry  )*
Uie e lope o f  r e f l e c t o r  a t  $
Zo S d.j B Zo R^ Og
and R.^ B i s  drawn p a r a l l e l  t«à OX * 
fhen  9 from 0 1^0, .
' 4 ) ^
a ls o ,
B / ,  -  ( e . j -  / ,  •!■ e p
» (2^ 1 « 0.J ~ ôÇ » w.j .#.( B-5)
H ere,
\  'S  -  -  Z '
and from th e  law s o f s p e c t r a l  r e f l e c t i o n ,
/IS^jR^O., « B ( 6  ^ -  + 6^) ,
2 0 5
From  Z i
y .  =: M.O
S i n  1 6., a . , -  6 ^ )  I
3 in  ( )
S in  ( 20. « + Oj)
‘ S in  ( 2 -  0.^  -  Gj)
!l?herefore , from ec im tio n s  (B-4) to  (B-6) ,
iX ^ (a , 4 y^ ) ta n  (2oC, 6,, )
*î ^
•  « * ( B- 6)
S i u i 20 4^ t a n  —
wirfiw iwwiwm i , i#i . ....... ..  i ■iiriiiinM»n>i»iV j >iT i*'| j\  ;81n^X,-a^- ten'
where
th e  s lo p e , "" tah ^  (
'^anjfs £^ 1-^ 6 j«*tan  ^  ^  ^ j_i
( fl -  7 )
# * ( B — 8 )
« « «
* *
S im ila r ly ,  u s in g  th e  same law o f s p e c t r a l  r e f l e c t i o n  and a 
l i t t l e  t r ig o n o m e tr ic a l  a n a ly s i s ,  i t  can be shown th a t
(pp ^  ( 2 «• 6p  "* dp  )
where i s  the  new s lo p e  o f  th e  r e f l e c t o r  a t
and ,
6p  B Z  OjEgO B Z o  = t a n " '’ 3 .
( ' H )
From A  MpEgO , th e r e f o r e ,
S in  (200- 2 4  -  do)
MpO K y-p ^  r p
B in  ( 2 "I" @ d Q }
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' t h e r e f o r e
r p
,*-1 %B i n i 2  A  ^ 0 g 4 - ta h  - 75— ?r“;^
w here9th e  new e lo p e ,
"Z 0
%
2”  “ 2“ -  ( 4 ;  )
t a n / 2 /p  * -0o '^ tan
I  :  (« r 'D ;
# * . ( B « 9  ) .  
.* *  ( B -  10 )
(She o th e r  bounding m y  o f th e  beam from the  h e a tin g  elem ent 
co rresp o n d in g  to  © s  0 ,^ w i l l  s t r i k e  a t  g iv en  by
rS in
XPp“  j a  g 4*
r  ' — -
© «*2 "» tan   ^ 1
vS in /s2 X, '^©^4't a n"•1 %
 ,r*"iTT
( 4 " % )
r  '
Ltan ( 2 , «*6 ta n   ^ ^
" h /  "
**• C B « 11)*
From th e  d es ig n  o f th e  r e f l e c t o r ,  v a lu e s  o f Uo , r  
a( and 3^  w i l l  be known and hezioe by so lv in g  e q u a tio n s  (B-*7 ) 
and (B ^ 9 ),th e  v a lu e s  o f  and 6 p can be found ou t f o r  any 
p o s i t io n  o f  on th e  p lane o f  i r r a d i a t i o n  # F or th e  same
p o in t , th e  d i r e c t  r a d ia t io n  ,
oj i  Bo-
2  % L a  .. .,a ;  + %- /




Ox (a^ -I- x^)  J
p lo t te d  a g a in s t  v a lu e s  o f  % w i l l  re p re s e n t  th e  h e a t  d i s t r i b u t io n  
curve g iven  by th e  r e f le c to r *
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IChe m anufac tu ring  e r r o r s  in  th e  r e f l e c t o r  may be in  
bo th  p o s i t iv e  and n e g a tiv e  and a re  most l i k e l y  to  be randomly 
d ia ttr ib u te d  i n  two dim ensiona over the  su rfa c e  o f th e  p ro f i le *  
S h is  w i l l  have th e  e f f e c t  o f p roducing  a wavy su rfa c e  and th e  
p r o f i l e  w i l l  no lo n g e r  rem ain a s  smooth as  desig n ed .
I n  o o h s tru c tln g  th e  r e f l e c t o r  (c h a p te r  4*2), th e re  
w i l l  p robably  be e r ro r s  i n  m arking th e  oo-^ordinates r  and 0 and 
a ls o  i n  subsequent machining* I n  o th e r  w ords, a t  any an g le  0 , 
th e  ra d iu s  r  o f th e  p r o f i l e  may have e i t h e r  p o s i t iv e  o r  n eg a tiv e  
e r r o r s .  Should th e  e r ro r s  be e i t h e r  p o s i t iv e  on ly  o r  n eg a tiv e  
only 5 th ey  w i l l  n o t produce a s  s e r io u s  e f f e c t s  a s  when th ey  
Eire Eilxaoet alto3?natiV 0ly  p o s i t iv e  and n e g a tiv e , which i s  most 
l i k e ly  to  be th e  ease* In  o rd e r  to  examine th e  m agnitude o f t h e i r  
e f f e c t s  on th e  p o in ts  o f in c id en ce  o f th e  r e f l e c t e d  ra y a , the  
fo llo w in g  eq u a tio n s  a re  derived*
L et an  e r r o r  ô r  in  r^  a t  (04 00) cause th e  slope  
o f th e  r e f l e c t o r  p r o f i l e  a t  6 to  oheinge from to  
( f i g ,  0« i)i, For sm all va lue  o f 50 ,th e  a rc  AH of th e  tru e  
r e f l e c t o r  p r o f i l e  and OH o f th e  r e f l e c to r  p r o f i l e  produced 
due to  B ianufaetuning e r r o r  AG (^ =53?) in  r^  may be ta k e n  a s  
s t r a i g h t  l in e s*
I f  HX, i s  dmwn p a r a l l e l  to  OX , i t  can be e a s i ly
shown th a t
/
L AHO = 8
Hence, from ORO
/ ( x’p-i* 5 r)  S in  (0 4  50) -  r  S in  0
ta n  ^
( to-:- é r )  Ooa (0 56) -  r  Goo 0

2 0 9
■OXe, ■!'6i’)S in (0^ .60) -  r  S in  6
^rg-^ôr)Cos(0*fô0) r Oos 6
Follow ing a sim ila:o prooedure^ I t  i s  found thsit 
a n e g a tiv e  value  o f  ô r  produces a  new slope  a t  E g iven  by
I tan*
( r^  -  d r)  31n(0*î^ô0) -  r  S in  0 
( r.) dr)O oB(0tô0) -  r  Gos 0
##(G -  2)
R ip lao in g  x! in  eq u a tio n s  (33^7) and (B^11 ) by / ,  
o b ta in ed  from e i t h e r  e q u a tio n  (0-1 ) o r  (0 -2 ) acoorcling a s  ô r  i s  
p o s i t iv e  o r  n eg a tiv e  j th e  new p o in ts  o f inc idonoe o f the  bounding 
ray s  o f th e  ro f le o te d  beam o f r a d ia t io n   ^ and Pg can be 
o b ta in ed  as




i n ^S {20-2 - t a n “"‘l  i





# * ( g «=»4 )
X, and Gan be c a lc u la te d  @as b e fo re , u s in g  eq u a tio n s  
(B-7) and (B -1 1 ) and th u s  th e  d isp lacem en ts  o f th e  p o in ts  
in c id en ce  on ‘tiie p lane  o f i r r a d i a t i o n  o f th e  bov-nding ray s oE tlie  
beam r e f le c te d  a t  E can be determ ined by c a lc u la t in g  (%^-%  ^) 
and (xm-Xg).
A few escasiiplea c a lc u la te d  f o r  th e  f i n a l  r e f l e c t o r ,  
u s in g  th e se  e q u a tio n s  in d ic a te  th a t  a t  0 45s and f o r  an
210
e r r o r  o f ô r  -  0#001 in ch  , a t  an in te r v a l  o f 6© 1 ,
th e  d isp lacem en t8 o f  th e  p o in ts  o f in c id en ce  o f iâie r e f le c te d  
ra y s  i s  o f th e  o rd e r  o f 0 ,10  in c h . However, i t  i e  is ip o rta n t 
to  remember th a t  th e  e f f e c t  i a  m ost severe  a t  0 -  45 
where p r o f i l e  s lo p e  i s  le a s t#
211




Reaearch during the  ia g t  deocidea 6n forogd 
coaveotion heat t r a n s fe r ,
Frboeediags of the  1961*62 In te rn a tio n a l conferenc
A S M S .  I
Âerodynamid heatinüç and Oonveotive heat transfer-^*
Summary of l i t e r a t u r e  survey.
tra n sa c tio n  o f ASMB,July,1949#pp 447-456. 
th e  two-dimensional lam inar houndary la y e r  a t
4 , Monaghan,R*J,




G.of Aero* Report 67. 1953*
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